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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-275 

COMPILATION OF THERMODYNAMIC PROPERTIES, TRANSPORT 

PROPERTIES, AND THEORETICAL ROCKET 

PERFORMANCE OF GASEOUS HYDROGEN 

By Charles R. King 

SUMMARY 

Thermodynamic properties, transport properties, and theoretical per- 
fnr-mnce for eqailibrilm conposition &taring an isentropic expansion were 
computed for normal hydrogen as a rocket propellant. Data are presented 
f o r  c-hamber temperatures from 600° to 5000' K, chamber pressures from 
0.146960 to 1469.60 pounds per square inch absolute, and nozzle pressure 

d '  

* ratios from 1 to 3000. 
rl 

V Properties and performance parameters computed include: nozzle-exit 
pressure, nozzle-exit temperature, enthalpy, molecular weight, isentropic 
exponent, specific heat at constant pressure, absolute viscosity, thermal 
conductivity, Mach number, specific impulse in vacuum, ratio of nozzle- 
exit area to throat area, thrust coefficient, specific impulse, equilib- 
rium gas composition, characteristic velocity, and entropy. Additional 
data were compiled and are presented in the form of curves to show some 
of the properties of normal hydrogen, orthohydrogen, and parahydrogen at 
low temperatures for several pressures. These figures include computed 
data as well as data taken from available literature. 

E! 

INTRODUCTION 

Y 

4 

In recent years there has been an increasing interest in the use of 
Before accurate hydrogen as a propellant for rocket propulsion systems. 

design studies and performance calculations can be made for these systems, 
it is necessary to know the thermodynamic properties, the transport prop- 
erties, and the theoretical performance of the proposed propellant - 
hydrogen. It is necessary to know these properties over the entire range 
of powerplant operating temperatures and pressures. Although there is a 
considerable amount of information in the literature on the properties of 
hydrogen (refs. 1 to 16), this information does not always cover the en- 
tire range of conditions of interest. Furthermore, the literature usually 
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presents data on normal hydrogen. Design studies and performance calcula- * 
tions for powerplants currently of interest require da.ta on the properties 
of parahydrogen and of mixtures of parahydrogen and orthohydrogen at low 
temperatures. 
of hydrogen in the region where hydrogen dissociates. 

Of greater importance is the need to know the properties 

Data, have been compiled at the Lewis Research Center to provide the 
required property data for hydrogen f o r  a wider range of temperatures 
and pressures than were heretofore available, including temperatures and 
pressures where hydrogen becomes dissociated. In addition, rocket per- 
formance calculations have been made using hydrogen as the propellant and 
assuming equilibrium composition during an isentropic expansion through 
the exhaust nozzle. These calculations are based on the latest thermody- 
namic data available and were carried out in accordance with the methods 
described in references 4 and 17 as programmed in reference 17 for use 
with a high-speed data-processing machine. In addLtion to the equilibrium 
gas composition for assigned values of chamber temperature and pressure, 
the program calculates nozzle-exit pressure, nozzle-exit temperature, 
enthalpy, molecular weight, isentropic exponent, specific heat at constant 
pressure, absolute viscosity, thermal conductivity, Mach number, specific 
impulse in vacuum, ratio of nozzle-exit area to throat area, thrust coef- I 

ficient, specific impulse, characteristic velocity, and entropy. 

c 

The data are presented in tables and figures for temperatures from 
600' to 5000° K for chamber pressures of 0.146960 to 1469.60 paunds per 
square inch absolute and exhaust-nozzle pressure ratios from 1 to 3000. 
Additional data were compiled and are presented in the form of curves to 
show some of the properties of normal hydrogen, orti-iohydrugen, ard para- 
hydrogen at low temperatures for several pressures. These figures in- 
clude computed data as well as data taken from available literature. 

SYMBOLS 

A 

b w  

CF 

C* 

C0 P 

CV 

nozzle cross-sectional area, sq in. 

parameter (ref. 2)  

coefficient of thrust, CF = gcI/c* = F/PcAt 

characteristic velocity , gcPcAt/w 
specific heat at constant pressure, (dh/dT)p, cal/( g) (OK) 

ideal specific heat at constant pressure, (dh/dT),, cal/( g) (OK) 
P 

specific heat at constant volume, cal/( g)  (OK) 
Y 
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ideal specific heat at constant volume, cal/( g) (OK) 

thrust, lb F 

F0 molar free energy at standard conditions, cal/mole 

function of force constant E/k and temperature T 

gravitational conversion factor, 32.174 (lb massllb force) 
(ft/sec2) 

sum of sensible enthalpy and base enthalpy (67,416.9 cal/mole) 
at 0' K, cal/mole 

h sum of sensible enthalpy and base enthalpy ( 33,440 9 cal/g) 

C x i ( g ) i  8 

rl 
I 
B u 

specific impulse with ambient and exit pressures equal, 
(lb thrust)/( lb propellant)/sec 

pellant) /see 
specific impulse in vacuum, I + P(A/w), (lb thrust)/(lb pro- 

1 

Ivac 

coefficient of thermal conductivity, cal/( see) (em) (OK) k 

M Mach number 

molecular weight, xiAi, g/g-mole or lb/lb-mole 
i 

static pressure (sum of partial pressures), lb/sq in. 

partial pressure, lb/sq in. 

P 

P 

R universal gas constant, consistent units 

entropy (does not include nuclear spin), cal/( gm) (OK) 

entropy, 2.016 S, cal/(mole Hz) (OK) 

entropy at standard conditions, cal/( mole) (%) 

temperature, K 0 

S 

S 
- 

T 
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W mass-flow rate, (lb mass)/sec 

.I 

I 

x mole fraction 

Y 

E 

E/k 

ratio of specific heats, cp/Cv 

ratio of nozzle area to throat area, A/At 

force constants for viscosity calculation, OK 

K isentropic exponent, 

P absolute viscosity, g/( em) (sec) 

(5 collision diameter for viscosity calculation, A 

.Q(2,2)* function of force constant E/k and temperature T 

Subscripts : 

C chamber 

H atomic hydrogen 

molecular hydrogen H2 

i ith substance 

n normal hydrogen, 75 percent orthohydrogen and 25 percent 
parahydrogen 

0 orthohydrogen 

P parahydrogen 

t throat 

1 reference point 

CALCULATION PROCEDURE 

General Method 
b# 

The calculation of the propellant properties and the theoretical 
performance of a rocket using hydrogen as the working fluid is complicated 

0 
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by the fact that hydrogen dissociates at high temperatures. Nevertheless, 
the equilibrium composition and a few of the properties of the dissociated 
hydrogen are easily computed from equations for chemical equilibrium and 
Dalton's law of partial pressure, providing the temperature and the pres- 
sure of the gas are known. For a process such as an isentropic expansion 
to an assigned pressure in an exhaust nozzle, the temperature and pressure 
are not known when there is dissociation or recombination taking place 
in the stream. However, an isentropic expansion process can be described 
by the addition of equations for the conservation of mass and entropy. 
The resulting equations are as follows: 

These equations are algebraic nonlinear equations and can be solved 
by an iterative technique such as the one described in references 4 and 
17. This technique has been programmed in reference 17 for use with a 
high-speed computing machine. "he data presented herein in tables were 
computed using this program. This program was written primarily f o r  the 
purpose of computing the performance of chemical rockets where many reac- 
tion products are present; therefore, it was necessary to simplify the 
program in order to compute the performance of a heat-transfer-type rocket 
using hydrogen alone as the propellant. Further, the computation of the 
equilibrium combustion temperature was omitted. Instead, the equilibrium 
composition and theoretical rocket performance were computed for assigned 
chamber temperatures. 
calculation procedure was continued until seven-figure accuracy w a s  
reached in the desired values of the assigned parameters.) The equations 
in the program (ref. 17) for computing the various performance parameters 
were derived from the one-dimensional forms of the continuity, energy, and 
momentum equations using the following assumptions: 

(The successive approximation process used in the 

(1) zero velocity in the chamber 

(2) perfect gas law 

(3) homogeneous mixing 

(4) isentropic expansion 

These equations are given in reference 17 and in texts on rocket propul- 
sion such as references 18 and 19. 
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A second program (unpublished) for computing viscosity and thermal 
conductivity in conjunction with the program described in reference 17 
is in existence at the Lewis Research Center and was used to compute the 
transport properties. 

Thermodynamic Data 

The program described in reference 17 and used herein solves for 
? temperature simultaneously with composition. For this reason, it was U 

necessary to represent the specific heat, enthalpy, and entropy data for u n 
each constituent as functions of temperature. 
tained by a least-squares fit of the thermodynamic data presented in ref- 
erence 1 and were represented by power series equations. 
equations and the coefficients for atomic and molecular hydrogen are 
tabulated in reference 17. 

These properties were ob- 

The resulting 

Transport Properties 

A second program (unpublished) for computing viscosity and thermal 
conductivity in conjunction with the program presented in reference 17 is 
in existence at the Lewis Research Center. The equations used in this 
program were simplified because of machine storage limitations in order 
to handle the many reaction products in a chemical rocket. More exact 
equations (ref. 20) could be used to compute the viscosity and thermal 
conductivity of hydrogen; however, no changes were made in the existii3g 
program for the calculation of the viscosity and thermal conductivity of 
hydrogen presented herein. 

Viscosity. - Viscosity data are needed in making heat-transfer and 

The sim- 
flow studies. Calculations have been made to determine the viscosity of 
hydrogen for the range of conditions included in this report. 
plified equation used herein in order to make use of an existing program 
is based on averaging the kinematic viscosities of the atomic and molecular 
hydrogen. 
ficiently accurate for engineering purposes and is as follows: 

This equation gives values for viscosity that are often suf- 

This equation seems reasonable in the absence of experimental viscosity m 
data for the individual constituents at high temperatures. 

b The viscosities of the individual constituents in equation (3) were 
computed using the following equation (ref. 20); 
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where t h e  parameters Q ( 2 , 2 ) *  and fp) can be obtained from reference  

20 as funct ions of t h e  fo rce  constants E / k  and temperature. The force 
constants  E/k and IJ f o r  atomic and molecular hydrogen were ca lcu la ted  
from experimental v i scos i ty  data .  The r e su l t i ng  values of these  p a r a m -  

> eters  appear i n  reference 21 and a r e  given i n  the following t ab le :  J 

3 
I 
2 

2.497 

H2 12.729 

zi 86.1 
I 

Thernal conductivity.  - Thermal conductivity ciata as w e l l  as v i s -  
c o s i t y  data are needed f o r  hea t - t ransfer  ca lcu la t ions .  However, experi-  
mental conduct ivi ty  da ta  are genera l ly  even l e s s  
rnerital v i scos i ty  data. The Eucken r e l a t i o n  used 
use of  an ex i s t ing  program i s  as follows: 

This r e l a t i o n  o f t en  gives s a t i s f a c t o r y  values of 

ava i l ab le  than  experi-  
herein i n  order  t o  make 

conduct ivi ty  f o r  i nd i -  
v idua l  components and i s  used i n  t h i s  report  t o  estimate t h e  conduct ivi ty  
of the  gaseous mixtures of atomic and molecular hydrogen. 

Ortho-Parahydrogen Proper t ies  

Hydrogen gas can be considered as a mixture of two d i s t i n c t  compo- 
nents,  orthohydrogen and parahydrogen ( re f .  2 ) .  The higher temperature 
(above 600' K)  equilibrium mixture o f  t h e  two forms i s  ca l l ed  normal hy- 
drogen. The normal mixture of hydrogen i s  made up of 75 percent ortho- 
hydrogen and 2 5  percent parahydrogen. The proper t ies  and performance 
da ta  presented herein f o r  temperatures above 600' K are f o r  normal hydro- 
gen and were computed by the  method of reference 1 7  as discussed pre- 
viously.  A t  lower temperatures the  equilibrium mixture can vary depend- 
i n g  upon such f a c t o r s  as t h e  method of manufacture, t he  t i m e  i n  s torage,  
and t h e  presence of a c a t a l y s t .  Since t h e  proper t ies  of orthohydrogen 
a,nd parahydrogen are d i f f e r e n t ,  it i s  necessary to know t h e  composition 
o f  t h e  hydrogen a t  temperatures below 600' K before  it i s  poss ib le  t o  
determine t h e  p rope r t i e s  of t h e  mixture. Some of t h e  p rope r t i e s  of ortho- 
hydrogen and parahydrogen a r e  presented i n  f i g u r e s  herein f o r  temperatures 

* 

d 
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below 600' K and severa l  pressures .  
ava i lab le  l i t e ra ture  or were computed as follows: 

These proper t ies  were obtained from 

Specif ic  heat .  - The i d e a l  s p e c i f i c  hea ts  a t  constant  pressure f o r  
orthohydrogen, normal hydrogen, and parahydrogen were obtained from ref- 
erence 2. The s p e c i f i c  hea ts  of normal hydrogen f o r  higher pressures  
were obtained from reference 1. Reference 2 suggests t h a t  t he  s p e c i f i c  
hea t  a t  constant pressure f o r  orthohydrogen and parahydrogen a t  high 
pressures can be  computed using the  rea l -gas  cor rec t ions  f o r  normal hy- 
drogen i n  the  following equations: 

The real-gas cor rec t ion  t e r m  (Cp,n - cP,n] can be computed from the  data 
i n  reference 1 or from equation (5.8) i n  re ference  2. 
eters required i n  t h e  so lu t ion  of equation (5.8) are given i n  t a b l e s  i n  
reference 2. 

S The var ious param- 

n 

Ratio of  s p e c i f i c  heats .  - The r a t i o  of i d e a l  s p e c i f i c  hea ts  of 
normal hydrogen f o r  s eve ra l  pressures  w a s  obtained from reference  1. 
obta in  the  r a t i o s  of i d e a l  spec i f i c  hea ts  f o r  orthohydrogen and para- 
hydrogen, it w a s  necessary t o  compute t h e  idea l  s p e c i f i c  heat  a t  constant 
volume using t h e  i d e a l  s p e c i f i c  hea ts  a t  constant pressure given i n  ref-  
erence 2 and t h e  following equations: 

To 

0 R cv = c; - 

and 

The i d e a l  s p e c i f i c  heat  a t  constant volume will be used i n  succeeding 
calculat ions.  

The following equations were used t o  ca l cu la t e  t h e  s p e c i f i c  heat  a t  
constant volume a t  high pressures:  
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C 

N' 
t 

E-l 
V 

The real-gas  cor rec t ion  t e r m  (Cv,n - e;,.) w a s  ca lcu la ted  from equation 
(5.7)  i n  reference 2. 
equation (5.7) a r e  given i n  t a b l e s  i n  reference 2. 
heats  of orthohydrogen and parahydrogen f o r  s e v e r a l  pressures  was obtained 
by combining the  data of equations (6) and (10) and (7)  and (11) i n  
equation (9) .  

The various parameters required i n  the  s o l u t i o n  of 
The r a t i o  of s p e c i f i c  

Viscosity.  - From experimental work presented i n  reference 22 and 
described i n  reference 3, it i s  concluded t h a t  t he re  i s  no d i f fe rence  i n  
the  v i s c o s i t i e s  of normal hydrogen, orthohydrogen, and parahydrogen. The 
v i s c o s i t y  data presented herein for a pressure of 14.6960 pounds per  square 
inch  absolu te  were obtained from references 2 and 13. 
( r e f .  Z ) ,  which w a s  used here in  t o  determine the  magnitude of t he  e f f e c t  
of pressure on t h e  v i s c o s i t y  of hydrogen, i s  as follows: 

Equation (6.17) 

3 -k = 1 + 0.175(bpx) + 0 . 7 5 5 7 ( b p ~ ) ~  - 0.405(bpx) 
% 

Equation (6.17) developed i n  reference 2 i s  based on a t h e o r e t i c a l  formula 
proposed by Enskog. The parameter bpx required f o r  t he  so lu t ion  of 
equation ( 1 2 )  can be obtained from data presented i n  reference 2 .  

Thermal conductivity.  - The thermal conduct ivi ty  of normal-hydrogen 
gas a t  temperat-ures below 600° K can be found i n  many references,  and 
these data agree f a i r l y  well. 
can be found i n  a f e w  references.  
t i v i t y  of orthohydrogen i s  genera l ly  not ava i lab le .  The data presented 
herein f o r  normal hydrogen f o r  a pressure of 14.6960 pounds per square 
inch absolute  were obtained from reference 1. The data presented f o r  
higher pressures were computed f r o m  equation (6.18) i n  reference 2:  

Thermal conduct ivi ty  d a t a  for parahydrogen 
On the  o t h e r  hand, the  thermal conduc- 

(13) 
2 3 - -  - 1 + 0.575(bpx) + 0.5017(bpx) - 0.204(bpx) 

kl 

This equation developed i n  reference 2 i s  based on a t h e o r e t i c a l  formula 
proposed by Enskog. The parameter bpx requi red  f o r  t he  so lu t ion  of 
equation (13) can be obtained from data presented i n  reference 2. 
thermal conduct iv i t ies  f o r  orthohydrogen and parahydrogen were computed 
by a method suggested i n  reference 3 using the  Eucken r e l a t i o n  as 
follows : 

The 
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and 

k p =  kn ,w + - -  

PRESENTATION OF RESULTS 

r The calculated values of the various performance parameters and the CQ 
co co properties of hydrogen for chamber temperatures from 600' to 5000' K, 

chamber pressures from 0.146960 to 1469.60 pounds per square inch abso- 
lute, and exhaust-nozzle pressure ratios from 1 to 3000 are given in 
tables I to 111. Typical variations in sone of the data presented in 
tables I to 111 for temperatures above 600° K are presented in figures 1 
to 13. These figures include computed data as well as data taken from 
available literature. The data in the figures for temperatures below 
600' K are not tabulated. 

Thermodynamic properties, transport properties, and performance 
parameters are presented in table I. The equilibrium composition of the 
gaseous hydrogen at the assigned temperatures and pressures is presented 
in table 11. 
peratures and pressures are given in table 111. 

Characteristic velocity and entropy for the assigned tem- 

Thermodynamic and Transport Properties 

The enthlpy, molecular weight, isentropic exponent, specific heat 

The entropy of hydrogen is given in 

Properties at the noz- 

at constant pressure, absolute viscosity, and thermal conductivity of 
hydrogen are presented in table I. 
table 111. Properties for chamber conditions are found in the tables 
where the pressure ratio equals one (P,/P = 1). 
zle throat are found in the tables where the area ratio equals one 
(E = 1). 

Specific heat at constant pressure, ratio of specific heats, enthalpy, 
and entropy of the gaseous hydrogen are presented in figures 1 to 6, re- 
spectively. The transport properties, absolute viscosity and thermal con- 
ductivity, are presented in figures 7 to 10, respectively. The molecular 
weight of the dissociated hydrogen at the assigned chamber temperatures 
and pressures is presented in figure 11. 

The data presented in the figures for temperatures above 600' K were 4 
plotted from the tables presented herein. D a t a  which do not appear in 
the tables have been included in figures 1, 3, 5(a), 7, and 9 and show 
some of the properties of normal orthohydrogen, parahydrogen, and normal 
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hydrogen at temperatures below 600° K for several pressures. 
were obtained by methods described in the section entitled CALCULATION 
PROCEDURE. 

These data 

Theoretical Rocket Performance 

Mach number, specific impulse, area ratio, thrust coefficient, and 
specific impulse in vacuum are presented in table I at assigned pressure 
ratios for each chamber temperature and pressure. 

Typical plots of specific impulse in vacuum and area ratio for a 
pressure ratio of 1000 are presentedin figures 12 and 13, respectively. 
These data were obtained from table I. 

Figure 12(b) indicates that for each tempera?xre above 3600" -- K there 
is only one particular chamber pressure that w i l l  produce the highest 
specific impulse in vacuum. 
sure w i l l  reduce the specific impulse. At the lower pressures the l o s s  
of energy due to incomplete recombination in the exhaust nozzle becomes 
greater than the gain in energy by dissociation in the chamber. 

Any additional reduction in the chamber pres- 

Lewis Research Center. 
Xational Aeronautics and Spce Administration 

Cleveland, Ohio, January 12, 1960 
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TABLE I. - THEORETICAL PEWORMANCE OF HYDROGEN AS A ROCKET PROPELLANT AT 

ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber conditions. 1 

( a )  Chamber temperature, 600' K 

.esBure S t a t i c  Tem- En- Molec-  Isen- Spe- Abso- Therma l  Mach S p e c i f i c  Area T h r u s t  Soe-  

. a t i a ,  p r e s s u r e ,  p e r -  t i l a l p y  u l a r  t r o p i c  c l f l c  l u t e  conduc-  num- i m p u l s e  ratio, c o e i ' f i -  c i f i -  
P,/P P, a t u r e ,  h ,  w e i g h t ,  expo-  h e a t ,  v i s -  t i v i t y ,  b e r ,  in tier-t, paise, 

l b / s q  in. T, c a l / g  1 n e n t ,  c p ,  cos- k ,  M vacuum, Cn 1, 
( l b )  (.E?: 

li 
K i t y ,  c a l  I v a c .  a b s  OK 

(1 b) ( sec) 
I b  

( 9 )  ( O K )  c.ec)(rc)(cd 
palset? 

~ 

173.7 
2 2 O . b  

294.0 
3-34.? 

'62,s 
='70.4 __ 
~ 

172.' 
2 2 0 . 4  

294.7 
334.P 

362.8 379.4 
~ 

Chamber pressure, P,, 0.146360 Ib /sq I n .  a b s  

0.08 

0.00 
" 3 " i E P  D r € s s U r e ,  P , ,  0.440880 l b / s q  i n .  a b s  

0.15 

___ 
1.00 
1.89 
3.00 

10.00 
30.00 

100.00 300.00 
__ 

1.00 1.89 
3.00 

10.00 
30.00 

100.00 
300.00 

~ 

0.74 0 .94  

1.26 
1 .43  

1.54 
!.67 

~ 

0.74 
0 . 9 4  

1.76 
1.43 

1.55 
? . t 2  

~ 

Y 

- 
177.2 
2 2 0 . 4  

294.9 3 q 4 . 0  

"62.4 "79.4 

~ 

1.30 
1.89 3.00 

10.00 
30.00 

100.00 
300.00 

~ 

~ 

1.00 1.89 
3.00 

10.00 
30.00 

100.00 
300.00 

~ 

~ 

L.01 
2.33 
1.47 

0.44 
0.15 

0.04 
0.01 

- 
600 
501 439 

311 
226 

156 
108 - 

- 
600 501 
439 

311 
226 

156 
108 - 

1.93 ' 1 - 2 6  
1.70  ~ 1 . 4 3  

I 

1.93 1 i . 2 6  
?.7C . 4 3  

1.00 0.74 
1.09 0 . 0 4  

15.64 7.84 I I I . 55  !.62 

~ 

14.70 7.77 
4.90 

1.47 
0.49 

0.15 
0.05 

34490 I 2.016 1.4045 3.4261 '7; 1 .0@04 12.1541 340.2 
34201 2.016 1.4258 3.301 .0003 2.848 363.7 

33977 2.016 1.475C 3.061 52 .0002 3.657 381.2 
33835 2.016 1.5122 2.910 37 .0001 4.530 391.6 

r h n r n h r r  nressure. Pn. 4 4 . O b t i O  Ib/sq i n .  a b s  

Chambw DressuTe .  P,. 1 4 6 . 9 6 0  l b / s q  in. a b s  

73FJm 48.99 

~ 

600 5 0 1  
439 

311 
226 

156 
108 __ 
- 
600 501 
439 

311 
226 

156 
108 - 

173.7 
220.4 

294.9 
3'4.' 

1.09 0.94 

1.93 I 1.26 
3.70 1.43 

10.00 14.70 
30.00 4.90 

100.00 1.47 
300.OF 0.49 

Chamber ~ressure. P- .  440,880 1b/sq in. aas __ 
1.00 1.89 
3.00 

35489 2.016 1.3953 3.479 144 0.0006 
35144 2.016 1.3980 3.462 127  .0006 l . l n 0  297.2 
34931 2.016 1.3910 3.469 116 .0005 1.359 ?05.8 

440.08 
233 .04  
14b.96 

44.09 
14.70 

4.41 
1.47 

10.00 
30.00 

100.00 
300.00 

10.00 
30.00 

100.00 

33917 1 2.016 1.4760 3.057 52 .0002 3.656 381.2 
33835 2.016 11 .51oj  I 2.9171 37 1 .0091 14.5331 391.6 

Chanber  p r e s s u r e ,  P,, 1 4 6 9  60 lb/sq in. abs 

600 35489  2.016 1.3954 3.479 144  0.0906 
501 351b4 2.016 1.3980 
439 34931 2.016 1.3970 2::s; ;:z :g8$8 :::!?8 :;;:a !:8$ g:;? i;::: 
311 34490 2.016 1.4040 3.426 91  .0004 2.154 340.2 1.92 1.76 294 .9  
226 34201 2.016 1.4258 3.301 71  .0003 2.848 363.7 7 - 1 0  1 - 4 3  3 - 4 . -  

156 33977 2.016 1.4750 3.061 52 .OOCZ L?:: 28i :a  1 - 8 6  1.55 '67.R 108 15-63  1 - 6 2  379.k 33835 2.016 1.5094 2.921 37 .0001 

1469.60 
776.78 
48Q.87 

146.96 
48.99 

14.70 4.90 
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TABLF: I. - Continued. THEORFTICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRFSSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during isentropic expansion f r o m  
chamber conditions. ] 

(b) Chamber temperature, 1000° K 

reasure S t a t i c  Tern- En- Molec- Iaen- Spe- Abaa- Thermal Mach Spec i f i c  Area T h r u s t  Spe- 

(Ib)(=Ec) 

poises 

Chamber pressure, P,,  0.146960 lb/sa In. ah- __ 
1.00 
1.87 ?.OD 

:0.00 'P.10 

100.00 -23.cc 

:0"P.30 

~ 

P.15 
0.08 0.p: 

0.0: C.OC 

C."O ?.'C 

C.PO 

- 
1 " D C  

8 3 8  736 

5 2 3  3 8 3  

2 7 1  1 9 5  

1 3 3  
- 
- 
l o ? ?  P ' 5  

, 3 6  

5 2 '  383 

:31 
: 3 3  
- 

- 

1.00 1.09 

1 - 9 3  ? . T I  

16.78 
8 . 1 3  

36.82 __ 
- 

I.UU 1.0'1 

1.93 > . T i  

X . ? ?  15.78 

36.82 
- 

__ "." ".,' C.15 

Q . P '  
C.O1 

'.CC C.nC 

?.il 

- 
2 2 3 . r  215 .0  

181 .6  6.3.1 

470.6 693.7 

50V.Q 

- 

2.7' 0.9* 

1 .26  1 . 6 3  

1.55 1.62 

1.68 
- 
- 
0.7' 0.9' 

1.26 I.'' 

1.55 1 .67  

1.68 
- 

&.3C 1.09 

1.9' 9.74 

8.11 

36.82  

1 6 . 7 8  

1 .oo 1.09 

1.97 3.7' 

8 . 1 3  15.78 

35.82 

223.4 

181.5 4 3 3 . 6  

470.6 '.a?.> 

509.9 

285." 

- 

__ 
2 2 3 . 4  

381.5  433.5 

670 .6  '91.1 

509 .q  

285.0 
: .P" 
1.85 3.00 

!?.CC ! 3 .00  

130.3C 

l n C C . 0 "  

'no.oc 

~ 

1."" 
1.89 3."C 

! " .3C  ??.03 

1 ' )C .OC ?0'.01 

1-00.03 

2?3.* 
285.0 

381.6  
h33.6 

610.6 1193.7 

509.? 

1 4 . 7 7  
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P e S S Y F e  S t a t i c  Tern- En- Holec- 18en- Spe- Abso- Thermal nach S p e c i f i c  
r a t i o ,  pressure, per- thalpy,  u l a i  t r o p i c  c i f i c  l u t e  C V D ~ U C -  nun- impulse 

P I P  lb,E; In 
a t u r e ,  h .  weight ,  expo- h e a t ,  v i a -  t l v i t y ,  ber,  In 

ab5 
mi&'o- C = c B k d  Ib (Ibl(=cl 

poises 

TABLE I .  - Continued. THEORETICAL PERFOFWINCE OF HYDROGEN AS A ROCKET 

P R O P E W  AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

( c )  Chamber temperature, 1400° K 

Area Thrust Spe- 
r a t i o ,  caeffi- c i f i c  

f e i c n t ,  im- 
'F pulse, 

7b 

Chamber pressure,  P c ,  0.116960 lb/sq 1". abs 
3 8 3 6 8  2.016 ,."I2 3 . 1 9 6  2 5  0 .0012 
'7569 2.0!6 1 .7675  3.667 22; e 0 0 1 1  1.000 
? 7 0 5 1  2.0!0 1.3'77 1.599 2 0 6  .0010 1.363 

Chamher n ~ e a s u r ~ .  P.. 4.4Obb0 l b / s o  in. abs 



3L 

u 

Pre8SuI.e Statle Tern- En- Molec- Isen- Spe- AbSo- Thermal Mach Spec i f i c  -ea 
ratio, pressure, p e l -  thalpy, u l a ~  tlOPlC ciflc lute ~ O n d u c -  n u -  impulse r a t i o ,  

heat, v i s -  tlvity, ber, in s 

cp. 
cos-  k, M vacuum, 
ItY. ca1 1Y.C. 

I b  poi*es 

cu 
6, co 

1 w 
Thrust Spe- 
coeff i -  cific 
c i e n t .  in- 

cy p u l s e ,  
I, 

( B i ( S e C )  
7b 
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TABLE I. - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

1000.00 0.00 232 3 4 7 2 1  2.016 
>000.00 1 9.00 1 l b 5  1 34007 1 2.016 

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during isentropic expansion from 
chamber conditions. ] 

(d) Chamber temperature, 1600° K 

1 4 2 7 6  '.?I8 73 .030? 5.696 659.1 '7.15 1.59 b53 .s  
I:*bi8 3.998 55 -1002 6.51.7 b79.b 87 .21  1.?2 661.0 

1.00 1 . 8 7  3.00 
16 .70  1000 391'6 2.016 1 . 3 3 9 2  T r s P 5  2 7 3  0.001k 

7 .87  1362 3 8 2 2 4  2.016 1.3556 1 .760  215 -1312 1.100 489.0 1.00 3.73 PSI.& 
4-90 1201 31626 2.016 1.3666 3.676 226 .OOlI 1.366 5 0 4 . 5  1.10 0.93 ?52.* 

000.00 03 

100.00 

0.01 2 3 2  36221 2.016 1.62?6 3 . 1 1 9  7 3  -0003 5 . * 9 6  669.1 1 9 . 7 5  1.69 C".Q 
0.00 165  34007 7 . 1 1 6  l.Lb'5 1.096 55 -0002 L . 5 * 6  6 -8 .5  82.71 r.72 667 .9  

36969 2.016 1.3969 3.669 118 - 0 3 0 5  3 . 6 6 0  63k.0 8.27 1.55 602.0 
3'1550 2.016 1.4023 3.L35 95 .0901 k.499 653.8 1 7 . 2 9  1 . 5 3  611 .5  

3*221 2.016 I.L222 3 . 3 2 1  '3 .0003 5.497 669.0 19.25 1.69 bi3.R 
3 4 O C 7  2.016 1.6677 3.091 55 - 0 0 0 2  6.546 6 7 e . 5  82.21 1.'2 6 6 7 . 0  

Chamber pressure, Pc ,  440.880 Ib/sq In. abs 

19133 2.016 1.3'101 3 . 8 8 2  213 0.001* 
38723 7.016 1.3555 ' - 7 5 1  2r5 .'I012 !.ZOO 6 8 8 . 9  1.00 3 e - 3  231.r 
? 7 6 2 5  2.016 1.3667 3 .67 '  226 .0111 1.166 531 .e  I.!0 0.99 361.2 

36'10 2.016 1.3871 1.532 183 -0008 
35606 2.016 1.39L7 3 . 6 8 3  119 e0007 ::A:! 2:::; ::?; !::; ;:::: 
3'969 2.016 1.3968 3.47 118 .0005 ? a 6 6 6  6?*.0 8.27 1.55 601.9 
3*550 2.016 1.L026 3 . 6 3 4  95 .000* G a b 8 9  653.8 17.29 1.63 6-1.2 

1.09 64.09 

;:;o , 2 3 . 6 1  1L.70 

1600 39133 2.016 1 .3398  3 .988  2 7 3  0.001' 
1362 38226 2.016 1.'555 3.759 ?*5 .0012 ;:;;E *89.0 I.CO 0.73 2el.r 
1731 31625 2.016 1 .3666  3.67G 276 . 0011  504.k 1 . 1 0  9 - 9 3  3 5 2 . 7  

1.00 1.87 3.00 

10.00 30.00 

100.00 300.00 

000.00 1000.00 

1*69.60 1600 391?3 2.016 1.3LO5 1.881 273 0.0013 
797.1G I 3 6 2  3 8 2 2 3  2 . 0 1 6  1.3555 1.758 2b5 - 0 0 1 2  1.300 '88.9 1.00 0.73 281.' 
489.87 1201 37625 2.016 1 . 3 6 b l  3.61G 2 2 b  .0011 1.366 50*.* 1 . 1 0  0.93 352. '  

1*6.96 8 0 3  ?e410 2.016 1.3871 9.537 183 .0008 2.169 562.8 1 .96  1 .76  6clb.p 
h8.99 633 3 5 6 0 1  2.016 1.39'8 3.*83 149 .0007 2.846 6 0 3 . 0  3.79 1.u) 55L.1 

16.70 ' 5 0  ) e 9 6 9  2.016 1.3969 x . 4 6 9  118 - 0 0 0 5  3.66  636.0 8.27 1.55 601.9 
e.90 329 36550 2.016 1.6025 3 . 6 3 5  95 .000* * e 4 8 8  653.8 17.29 1.61 631.5 
1.47 232 3*221 2.016 1+*221 ?.321 73 e0003 5.691 669.0 39.25 1.69 653.R 
0.49 165 3L007 2.016 l.L.611 3.093 5 5  e0002 6.546 678.5 82.21 1.72 667.8 
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?saure S t a t i c  Tern- tn- M o l e c -  I-- Spe- Ab90- Thermal Mach S p e c l f l c  Area 
i t l o ,  ~ ~ P B B U P ~ ,  p e r -  t h a l p y .  ular t r o p i c  c l f i c  l u t e  conduc- num- impulse  r a t i o ,  

dc/P lb/z4 In a t u ~ e ,  h. weight ,  expo- h e a t ,  v i s -  t l v l t y ,  brr, l o  f 

abs  C p ,  ;;;; k; M I"ac! VaCUYm, 

Ib  p01ses 

TABLE I. - Continued. THEORETICAL PERFORMANCE OF HYDROGEN A S  A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  3 

( e )  Chamber temperature, 1800° K 

T h r u s t  Spe-  
coe f f i -  c i f i c  
c l e n t ,  - 

p u l s e .  I m -  
I, 

(lo)(=) 

~ 

1 no 

1.07 3 .83  

8.,*  17.r6 

3 9 . 7 6  81.1' 

i:10 

~ 

~ 

1.OC 1.10 

1.91 3 . 9 )  

R . ' i  !7. '5 

39.7' a*.'- 
~ 

3 . 9 7  I.'.> 
17.6'  ::.:I ;;I; 
19 .72  1.69 
81.91) 1 . 7 3  

4 

Y 
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P ~ e s s u r e  
r a t i o  
P d P '  

TABLE I. - Continued. TIIEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPEWT AT ASSIGNED PRESSURE RATIOS FROM 1 M 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

( f )  Chamber temperature, 2000' K 

Static Tern- En- Mtolec- Isen- S p e -  Abso- Thermal Mach S p e c i f i c  Wea Thrust spe- 
pressure, per- thalpy, ular tropic c l r i c  lute conduc- num- impulse  ratio, cuerrl- e l r l c  

P, ature. h, uelght, expo- heat, "1s- tlvlty, ber, In 6 clent, I m -  lb/w i n .  xi 'al/g 1 nent, e p ,  ;;;; k; M vacuum, pulse, 
L a c ,  I .  

( D I ( s e C 1  
7b 

=a1 abs 

mi& ( = c R X c d  (lbI(=c) 
pOIBe5 Ib 

.' 

m 
I 
B u 
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TABLF: I. - Continued. TEIEOFZTICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRFSSURE MTIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  1 

( g )  Chamber temperature, 220O0 K 

~ 

::9s 
3.00 

30.00 

-on."" 

" 0 0 . 2 -  

i 0 . w  

ioo.on 

m 0 . w  
~ 

__ 
i:?; 
3.00 

10.00 30.00 

100.00 300.00 

000.00 oo0.w 
~ 

0.00 

1.00 1.1' 

2 . 1 5  * . 2 3  

9 .17  19.17 

& = . - I  1 ? . 5 3  __ 

1.a: 
1.1 

2.C6 4 .32  

8.:: 
18. 

l.l.0' '9.15 



. 

~ _ _ _ _  
1.00 1'1.70 
1 . 8 1  8.10 
3.00 L.90 
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TABLE I. - Continued. "HEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AIJ! ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

( h )  Chamber temperature, 240O0 K 

7110 '2806 7.000 1 . 2 2 6 7  b . 2 6 3  35* 0.0076 
21*5 6 1 4 6 6  2.010 1.2560 5.007 330 .0020 1.000 611.7 1.00 0.70 361.7 
I 9 2 3  r 0 1 5 6  7.011 1.3310 G.355 3 0 1  .0017 1.380 63L.9 1.11 0.9' 657 .4  

10.00 0.01 1968 
30.00 0.00 1656 

lO0.00 0.00 12*c 
300.00 0.00 

1000.00 3.00 
' 000 .00  0.00 LE0 

- 
En- Molec- Isen- Spe- Abso- Thermal Mach Spec i f i c  Area Thrust Spe- 

thalpy,  ular t r o p l c  c i f i c  lute  C O n d U C -  "urn- impulse  r a t l a ,  coe f f l -  c i f i c  
h ,  v e l g h t ,  expo- h e a t .  "1s- t i v l t y ,  b e r ,  i n  e c l e n t .  I m -  

:a1/g 1 n e n t ,  k M VLCUYDI, 2: . pulse, 

(g)o mi& Ib ~...rnK.m) (Ib)o 
I ,  

( I b h c  
< E;; C Y ; ;  cai L a c ,  

i b  polSeS 

Chamber pressu~.e ,  P,,  0.146960 :b/sa i n .  abs 
$6651 1.866 1 .1227  7&.507 3 k 9  0.0090 
L5300 1.898 1 .1238  11 .591  360 -0078 1.000 648.0 1.00 
& G O 1 0  1.977 1.127, 18.389 3 3 1  e0065 1.6&0 68e.6  1.16 

3 ' 9 . 5  469.8 

6 5 2 . 6  7 5 7 . 6  

8 1 3 . 6  9 5 5 . 6  

716.1 0 ' 8 .  
~ 

~ 

1.00 
1.83 3.00 

10.00 10.00 

100.00 300.00 

l"0.00 
'COO.OO 

~ 

1.00 1.83 3.00 

11.00 30.00 

100.00 100.00 

1000.00 
3000 .00  

10.00 146.96 1 3 6 4  38231 2.016 1.355G 3-75?  266 -0012 2.1'+5 700.7 
30.00 h8.99 1015 36951 2 .016  1.3790 3.56C 703 -0009 2 . 8 l t  15? .1  

100.00 1*.70 726 35927 2.016 1.3930 3.*9* 163  e0007 3.611 793.2 
300.00 4.90 532 35251 2.016 1.3971 3.*68 137 -0006 '1.*26 818.8 

1000.00 1.*7 317  36717 2.016 1.3997 ?.a55 106 e0006 5.*41 838.6 
3000.00 0.*9 215 3+367 7.016 1.*069 3.405 8 3  .0003 b. *9 i  851.3 

362.' 468.1 

606.' 693.1 

755.' 793.B 

872.9 8*1 .9  
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TABLE I. - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion f r o m  
chamber condi t ions.  3 

__ 
1.00 
1.72 3.00 

10.00 30.00 

100.00 300.00 

000.30 000 .00  __ 
__ 

1.00 1.72 9.00 

l C . O O  30.00 

100.30 300.00 

000.00 8000.00 __ 

0.L' 2630 
C.26 269; 

0.0' 2150 
C.01 l 9 l t  

C.00 156) 

c.15 2 3 1  

C.00 

Chamber pressure, Pc, 0.146960 

Chamber preasure, P , ,  4.40860 1 1  __ 
1.00 
1-76 3.00 

10.00 ?".OO 

l00.00 ?OO.OO 

1"-1."0 

__ 
!:?a 
3.00 

10.00 30.00 

100.00 300.00 

1000.00 1000.00 
__ 

1:Bg 
3.00 

10.00 30.00 

100.00 '00.00 

1o00.00 
)000.00 

__ 
1.00 
1.82 3.00 

:::E 
130.OC 300.00 

1000.00 
3000.00 __ 

I .a0 
1 . 8 3  3.0" 

10.00 

100.00 300.00 

30.00 

15017 2.016 1.39'0 1.669 I72 
3*600 I 2.016 1."01'. 1 . 1 4 1  98 

Chamber pressure, Pc ,  44 0880 1 

2 6 . e ~  2 ? * 1  42379 2.00: 1 .2495  5 . L * 1  369 
&*.a9 2600  43828 1.996 I.21Rn 6 .777  373  

1 b . 7 0  2 1 1 2  '1760 2.01 1.2826 *e656 326 

0.15 C.05 

1000.00 0.4* 626 36877 2.016 1.3973 3.*67 1 1 3  
3000.00 0.15 309 )**(I* 2 . 0 1 6  1.L012 3.r25 90 

Chamber pressure, P,, 1469.60 I 
1.00 1469.60 2600 63333 2.012 1 . 2 7 8 2  * . T o 3  374 
1.83 8 C 1 . 5 6  2273 * I 8 1 6  2.015 1.2995 4 . 3 3 3  3 6 3  
1-00 489.87 2 0 2 5  GO836 2.316 1.3148, $.I35 318  

a q  In. ab8 

4 In. a b s  

9 In. ab8 

9 In .  ab8 

1.00 1.13 

2.:0 4.13 

9.06 18.96 

b 1 . 7 7  92.71 
~ 

~ 

1.00 1.12 

2-56 i.I* 

8 . 8 7  1 8 . 5 7  

'2.19 90.86 
~ 

~ 

1.00 1.11 

2.0' L.00 

9.78 

G1.97 89.?* 

i a . * e  

~ 

1.26 

1.7' I 9 1 7 . :  

1.00 0.71 3 5 5 . 9  
1.11 0.93 '67.5 

2.03 I .?$ 6.3.' 
1.95 I.'& 7 7 C . '  

F.7' 1 . 5 7  7QC.L. 
1 E . l l  1 - 6 5  831.1 

* I  a.?:55 1::: :E:; 1 9  ~ 1 
- 

1.00 1.11 

2.01 3 . 9 8  

8 . 7 )  18.25 

'1.71 
89.33 
- 
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TABLE I. - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELM" AT ASSIGNED PRESSURE RATIOS FROM 1 To 3000 

[Equilibrium composition during isentropic expansion from 
chamber conditions. 3 

(j) Chamber temperature, 28W0 K 

__ 
; : 9 9  
3.00 

irr.no 37.00 

IO0.0" 300.00 

1000.00 
3000.00 - 
~ 

1.00 
1.72 3.00 

10.09 39.00 

1CO.00 

l*OP.C? 
3100.00 

3on.m 

__ 

Chamber Pressure, P,, 0.116360 lb/sq In. abs 
0.15 2800 66601 I . L b 4  1.1197 b6 .L*7  363 0.0247 
9.09 2 7 0 !  6?599 ?.*95 1 . 1 1 5 5  b l . 3 5 *  357 .02'.6 1.000 791.6  I.0p 0.65 417.41 1.05 2606 6 0 6 5 6  1.526 I . l l l b  67 .769  351 a 0 2 1 3  1.*&6 837.8  1 . 1  0.91 5 8 5 . 0  

10.00 !.17 1976 
30.00 0.L9 1525 

100.00 0.15 I l l 0  

"00.00 
noc.30 0.00 4 2 7  

~ 

1.00 
1 .80  3.00 

10.00 30.00 

ino.00 ?oo.on 

000.00 000.00 __ 
__ 

1.00 
1.81 3.00 

10.00 30.00 

100.00 300.00 

000.00 000.00 

~ 

1.00 
1.82 3.00 

LO."" 30.00 

130.00 300.00 

000.00 
ncn.00 

34 In. ab8 
O . C O 5 7  

.003" 1.Lli 71'.! I.:' 

.no:9 2.116 ai'.' 2.21 

.00!C 3.*6' 939.2 9 .77  
-0008 6.231 972.6 20.50 

e 0 0 0 6  5 . 2 C 5  998.4 G 6 . 7 7  
-0005 b.Z?C 1 0 1 5 r 0  !00.?2 

.@@@I 5.297 963.1 * * . ? I  I . , *  919.' 

.0005 6 . 3 3 6  978.8 95.01 1.78 961 .7  

w In. abs 

34 1". abs 

.0005 5 0 7 3  7 2 1 . 1  

.E001  b.*,5 963.3 
i4 In. abs 
Q.00?* 
,0021 1.300 656.3 1100 0.73 168.7 
.0018 1.183 680 .7  1.11 3.73 6 8 5 . 7  

2.0,. ' . C 3  

18 .55  

*2.'6 9 0 . L T  

8 . 8 6  

1 - 2 6  658.8 

I.', a 7 x . s  8 6 6 . 5  

1.?2 800 .1  
1 . 7 5  910.- 



TABLE I. - Continued. THEORETICa PERFORMANCE OF HYDROGEN AS A ROCKET 

1.00 L.L7 1900 58106 1.62L I . l ? l i  '2.512 390 0.01'1 
1.73 0.85 2 8 7 1  56153 1.658 1.1279 41.779 ' 8 2  .0165 7.390 776 .0  i::: I 6 : : :  
3.00 0.69 2762 5k316 1.692 1.1232 '0.621 37'. .0157 1.643 8 2 0 . 0  

PROPEUAI" AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

57r.r 

[Equi l ibr ium composition during i sen t ropic  expansion from 
chamber condi t ions.  3 

82.58 :yt8 ;;a;; 1.967 1.1957 8.563 4 0 8  0.00'10 1.987 1.2115 7.175 386 . O m 2  1.000 696.9 1.0: 0 . 6 8  
166.96 

48.99 2515 ' 3282  2.001 1.23-7 6.003 365 .On26 1.&13 725.6 1.1 0.97 

( k )  Chamber temperature, 3000' K 

311.- 51'8." 

.essure Static Tern- En- Molec- Isen- Spe- Ab90- Thermal Mach Specirlc  Area Thrust Spe-  
'atlo, p ~ e s s u ~ e ,  per- fhalpy, u l a i  tropic c i f i c  lute conduc- n u -  Impulse ratlo, coe f f l -  c i f i c  
PJP P, ature, h, weight, expo- heat, vis- tlulty, ber. i n  i cicnt. PUIBP, Im- 

ial/~ 1 nent, c o s -  k. n vacuum, Zh c p ,  I ,  
(lh)(=c) 

1tY. ca1 L a c ,  
Ib/sq i n .  

abs 
(g)o l;$o. (=cpnX..) (Ib)o Ib 7b 

pOlSeS 

1.47 0.~9 

0.15 0.05 

$40.88 

1a5.96 

L L . 0 9  

2k5.21 

1'1.70 
L.CI 
1.67 

24 

______ 

10889 37219 2.016 1.3742 ! .620 2 1 2  .0ClO 3.512 9'2.3 9 .?F  1 . ' 9  B P 7 . O  
80* 36701 2.016 1.3898 .515 17lr .on08 6 . 2 8 7  915.0 19 .70  1 . 5 ~  q-?.' 

572 35%9? 2.016 1.3960 ".h5 1'9 .01,6 5.759 1001 .7  'L.01 I .-& 979.' 
619 34860 2.016 1 . 3 9 ' 3  3.L66 1 1 2  .01C5 6.3CL 1016.5 96.95 1 - 7 9  9'45.' 

Chamber pressure. P., 440.880 Ib/sq i n .  abs 

:988 221% ;:81: :::?E e: :??  ;Ff @::89:% 1.030 687.9 1.00 0.69 3ao.c 

I + I ~  38'36 2.016 1.3516 3 . 1 8 9  252 .0c i2  2.782 813.8 * . I <  I . * &  797.6 

1027 36995 2.016 1 . 3 7 8 5  3.592 201 .ma9 3.5~1 923.1 9.1' 1.58 8 7 2 . 6  

2b52 4 2 7 7 0  2.010 I.2b?0 5.02* 360 .0022 1.193 715.1 1.12 0.92 508.9 

I 8 7 3  '0208 2.016 1.3203 i . 0 8 *  302 .OClb 2.133 8 0 9 . 7  2.39 1.26 694.7 

157 36016 2.015 1.3918 3.502 168 .0007 G.125 95I.5 1 9 . 1 4  1.67 919.' 

10.00 30.00 

100.00 300.00 

~ 

1.00 1.73 3.00 

10.00 30.OC 

100.00 300.00 

IOO".C@ 
)000.00 

~ 

1.00 
1.16 1.00 

10.00 33.00 

100.00 300.00 

1000.00 3000.00 

1b6.96 1 8 1 2  39968 2.016 1.3269 4.008 296 .0015 2.1'10 800.1 2.01 1.25 b R ' . O  
68-99 I370 3 8 2 5 4  2.016 l.35r9 3.763 2 k 6  .Or212 2.193 862.7 4.09 I.** 783.1 

16.70 991 36863 2.016 1.3805 3.576 200 .no09 3.557 910.8 9.02 ? . 5 8  8 5 1 . 5  
*e90 729 35939 2.016 1.3929 3.*4' 16L  .0007 6.3'6 P & l . &  1 8 . 9 2  ..6b 997." 

- 
k 8 8  
3.00 

10.00 30.00 

100.00 
w 0 . w  

iooo.on 
30oo.00 

__ 
1.00 
1 - 8 0  3.00 

10.00 30.00 

100.00 300.00 

1000.00 



4L 
* 

1.00 
1.80 3.00 

30.0C 10.00 

100.00 300.00 

1000.OO 
3000.00 

25 

1469.60 3200 66612 1.90C 1.2271 ( -518 426 0.0033 
'189.87 $ 8 8 ;  2.002 1.2&43 7.669 399 .OO2T 1.000 709.7 1.00 0.69 393.) 

2.009 1.2645 5.032 376 -0023 1.39b 738.7 1.12 0.92 525.0 
816.5k 

3.8,3 z:: a0011 2.13b 135.0 2.09 1.2b 716.1 58.99 ;;?; ::;$$ 2.016 1.3137 be154 
2.016 1.3'+51 

166.96 

l'l.70 1105 3 7 2 1 5  2.016 1.3732 
4.90 81b 362*2 2.016 1.3893 3:;:: ::: :8868 2:::: 8:::? 18:;; ::a! 8:::: :;: ::tat 2.016 1.3958 3.676 141 .0006 5-29. 1012.0 44.32 1.73 916.8 

2.016 1.3972 3.167 116 e0005  b.332 1028.3 95.05 1.78 1010.3 

.a013 2.781 902.5 4.17 1.6) 823.3 

TBLE I. - Continued. THEO~??CAL PERFROMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[ Equilibrium composition during i sen t ropic  expansion from 
chamber conditions .] 

( 2 )  Chamber temperature, 3200° K h7 cn cn 
I w Pressure Statlc Tern- En- Molec- Isen- Spe- Abso- Thermal Mach Speclclc  &ea Thrust S p e -  

ratlo, pressure, per- fhalpy, U l a r  trople clflc lute conduc- num- Impulse ratlo, coeffl- C i f l c  
Pc/P P, Bture, h, welght, expo-  hea t .  "19- tlulty, ber, In clent, I m -  

PYlSe, 
I, 

(?cl(=cl 
7b- 

lb/w In. T, :al/g 1 nent, C O S -  k, M vacuum, c p ,  
abe OK ltY, ca1 I W .  

Ib pOlSeS 

Chamber pressure, Pc ,  0.146960 lb/sq In. abs 

0.bb 0.91 514.5 714.2 

1.21 999.3 
1.51 1110.3 

1.99 13S3.5 1 2.09 1635.8 

1::3 :::::: - 
0.91  670 .7  

t:3? I??% 

10.00 30.00 

100.00 

1000.OC 
ICOO.00 

30.00 

55022 1.602 1.0897 05 .558  303 -0260 4.215 1556.8 102.70 
32295 1.657 l.08C9 81.600 300 -02.9 4.613 1622.9 767.82 

Chamber prc98ure, P". 1.46960 Ib/so In. abs . .  
67928 1.435 1.13 5 54 .575  3911 0.0221 
6 5 < 7 8  1 . r b 9  1.1317 55.986 386 -0222 1.000 851.6 
63?63 1.502 1.12i5 56.917, '78 ::a:: 
58956 1.57G 1.1170 57.268 3bZ .0213 2 . 1 b b  1051.6 
55a12 1.63P 1.1101 5 5 . 6 8 5  U P  .e199 2.715 1171.1 :::: I::? 18:;:: 

51937 1.706 1.1062 51.981 336 -0179 3 6 1  1210 0 
1.9096 1.167 1.1003 '6.915 325 e0156 3:$3l 13b3:7 ::::: 1::: ;$:::? 
' 6288  1.831 1.0980 ?916*9 312 -0128 4.226 1bb2.2 101.26 1.99 1372.2 
*39?9 1.887 1.0908 31.595 301 -0099 b.668 1503.0 2bl.78 2.09  1443.5 

,0221 1.642 899.3 I ::?8 1 ::8? 

1 
- 

Chamber ~i .eS3ui .e .  P". 4.40880 lb/sa in. abs 

33.0~ 

100.0C '00.00 

__ 
3935* 57264 55?0* 

51'18 $ 8 2 9 5  

$ 5 2 6 7  6282,. 

$0133 
3 8 t n p  - 

ct - 
53610 51694 6 9 7 2 8  

4 6 2 3 2  '3'72 

4 O P P I  380'7 

3728')  3 6 3 2 6  

1 

1o.co 30.OC 

100.OC '00.00 

1C00.0C 

10.00 30.00 

100.0(1 'OO.00 

nber pressure, P,,  44.0880 Ib/eq In. abs 

"her DreSSUre. P,,. 146.960 Ib/so I n .  ab8 . .  
166.96 
k8.99 83.31 #!; %tb  ; i f $ !  iii!!! 'iiiii 30; 0~~~~~ {:p!E :t;:i ::pp 8:;; :;::; 
14.70 22Lb '1932 2.009 1.2571 5.226 340 - 0 0 2 2  2.129 872.b 2.22 1.27 712.1 
h.90 1759 39762 2.016 1.3231 1.057 290 -0015 2 .122  941.6 4.68 1.67 159.9 

1.47 1292 37963 2.016 11.3601 3.723 237 e0011 3.LI.Y 1005.1 9.98 I-bl 966.6 
0 4  959 36151 2.016 ,le3822 3.565 1 9 b  -0009 b.197 1041.8 21.02 1.71 1000.7 

0.15 685 35784 2.016 1.39'1 3.687 157 -0001 5.150 1070.1 48.05 1-10 10b1.9 
0.05 501 35117 2.016 1.3980 3.662 127 -0006 6.161 1088.3 102.97 1.82 1068.2 

Chamber pres8ure, P., 440.880 lb/sq In. ab9 

640.98 3200 672b2 1.96t 1.2035 1 .225  125 0.00*0 
267 .40  2 V 2 6  4 5 L 6 3  1.986 1 . 2 1 5 1  7.0eG 402 -0033 1.000 717 1.00 0 . b 8  393.5 
146.96 2678 &*PO8 2.000 '1.2363 6.021 380 . P O 2 1  1.603 1.13 0.92 330.5 

1 :$78:: 
371.25 2.016 1.3685 3.bb0 223 e0010 3.50* 976.3 9.b9 1.59 919.S 
36"27 2.016 1.3868 3.53* 103 .0008 L.270 1008.5 19.95 1.61 970.1 

46.g9 2097 &116* 2.014 1.2970 
1'. 0 1609 39165 2.016 11.3387 ::'9'0'0 ::: :%;: $:wz "9:b:06 :::? 
1.L7 1;:; 
6.41  

10.00 30.00 

100.00 

1300.00 

10.00 30.00 

100.00 300.00 
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TABLE I. - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELM AT ASSIGNED PRESSURF: RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

(m) Chamber temperature, 3400' K (m) Chamber temperature, 3400' K 

r e s ~ u p e  S t a t l c  Tern- En- Molec- Isen- Spe- Abso- Thermal Mach S p e c l f l  Area Tbrust SPC- 
r a t i o ,  pressure, per- thaipy, u l a r  t r o p l c  clflc lu te  canduc- num- impulse r a t l o .  C o e C C i -  c l f ' l c  

P ,  ature,  h ,  weight ,  expo- h e a t .  vis- t l v l t v .  ber.  In L cient. im- 
p'' Ib/sq In. z;. ?aI/g 1 n e n t ,  < I I 

7 
a b s  

( 5 ,  

i i 
Chamber ~ ~ e s s u r l e .  P.. 0.116960 Ib/sa in. abs . .  

36980 1.051 I.?@*@ 2 3 . 6 7 3  3 7 3  0.0097 
33537 1.075 1.168'3 15.&10 360 r013b e000 1015.9 1.00 0.67 5Ll.L 
30'76 1.100 1.1'+91 46.721 351 -0112 .&30 1069.1 1-15 0.92 752.' 

863'5 1.156 1.1252 70.154 336 .O2*2 .+76 12.5.3 2.*0 1.28 0.8.' 
79*31 1.207 1.1123 88.427 325 .0291 34  1384.h 5.43 1.51 1215.7 

0.66 1 436.6 
0.91 6 0 5 . 6  

l.2e 846.2 
1.50 , 997.1 

911.) 
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TABLE I.  - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PFESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during isentropic expansion from 
chamber conditions. ] 

(n) Chamber temperature, 3 6 0 0 O  K 01 m cn 
I w 

-"o* 
aJ 
P 

~ 

1.y 
1. 7 3.00 

!? .CC 39-00 

100.00 3C0.00 

3500.01 
1ooo.on 

~ pi 
, L O "  30.00 

1OO.OC '"0.00 

'"*?."fi 
?"C0.01 

p~essure ,  per- thalpy, "lap tropic 

Ib/sq In l a l / E  "e" t , 
abs 

0.44 3600 
0 . 2 5  3 3 1 6  
C.15 3202 
0.w > o z q  

0.01 Z L 9 3  
C."C ? ? * Z  

3.n2 2 1 1 3  

0.01 2 6 6 7  1 ".?" 2 - 8 1  

Chamber p ~ e a a u r e  

00673 1.026 1.2901 
96722 1.0k8 1.2001 
9 3 5 ' 8  1.011 1.1656 

82013 1.175 1.1155 
7?0?7  1.231 1.1042 
7 2 9 6 7  1.279 1.0966 
6 8 9 3 6  1.332 1.08'39 i 65593 Chamber 1.380 pressure 1 .08*1  

87128 1.125 1.1311 

ct1amtier Dre98"re 

5.3' 3'18 85766 1.178 1.1511 
:.rY 3262 e27 '5  1.201 1.1*61 

10.00 C.15 2973 76733 1.272 1 .1293  
? I I . C C  5.01 Z 7 5 5  71929 1.331 1 1 . 1 1 8 1  

100.00 0.01 2 5 5 6  6 7 2 6 7  1.393 1.1086 
1CO.00 0.0C 2 3 9 5  C3*69 1.*50 1.1015 

lnOO.OQ ".CO 2 7 L 2  * 9 7 2 5  1.512 1 .0952  
l̂ ?1.", ? . C O  2:17 %66?5 !a567 1.090) 

Chamber oressure 
~ 

1.00 
1.7' 3.00 

.U.OO 3i.i0 

155.00 'oO.o0 

1OCO.01 
3000.0" 

~ 

1.00 I . 7 *  3.00 

10.00 30.00 

100.00 3CI .00  

1100.00 
?1CO.00 

67079 I I.*)) iI.1283 

51907 1.695 1.0989 
49168 1 . 7 5 ~  1.0951 

Chamber preswre, 

1000.00 0.04 1658 1 9 6 0 1  2 .01*  1.3011 
?*CO.OO ".@I 1257 3 7 8 - 2  21016 1.3619 

Chamber pressure. 

27.087 297 4 3 8 2  b.265 1740.1 99.29 
34.680 290 e0395 4.699 1816.9 7.19.33 

e, 0.440880 Ib/sq In. abe 
2*.275 3 8 8  0.0103 
;;:pi:, ::; e0139 .0113 1.k3S 1093.8 1.000 1010.3 1.00 1.15 , 

0.66 538.7 
0.92 7.3.5 

1.50 1222.9 I 2.01 1630.7 

1.28 1031.3 

1.70 1378.3 
1.8, 1493.. 

1.97 1598.7 

1 . 2 8  978.0 
1.50 llSb.0 
1.70 1301.5 
1.84 1.10.7 
1.97 1S09.6 i 2 - 0 1  l S 8 b . L  

910.0 

1.8. ,1308.5 

1-96 ~ 1 9 9 8 . 8  
2.06 1.67.6 

21.L20 323 .00?3 4.285 1166.9 95.51 
13.962 305 .0046 6.746 1S25 .1  7L1 .7T  

., 44.0880 lb/q in. abs 

,, 146.960 lb/aq In. ab8 
17.918 650 0.0086 
16.866 L35 -0019 1.000 799.6 1.00 0.67 
15.556 420 .0070 1.430 8.0.6 1.15 0.92 
11.902 3118 .oo51 

.0033 I$::::/ 16:::8 1 :::? 1 8.051 356 1 
6.778 311 .0018 3 . 2 8 2  1153.8 12.10 1.66 
3.867 262 .0013 3.899 1205.2 26.12 
3.123 2 1 3  ,0010 . . 7 4 L  124+.7 60.35 1.117 
3.516 I75 .OQO8 5.657 1270.0 129.68 1.92 

:, 440.880 Ib/sq In. ab# 
12.1'1 6 5 5  0.0062 
'a:::: ::; ::E:: I::;? ::1:4 

3.536 I83  ~0008 5 . 0 0 1  1170.3 
3.483 150 .QOOT 5.981 1191.6 

:, 1463.60 lb/sq In. ab8 
8.853 458 0 0 46 

6.912 6 1 2  ,0033 1.410 199.9 
7.8691 $36  I :0839 /I.OOO) 765.2 

.90., 591.7 

822 .b  963.6 

1075.6 

1205.7 1242.1 

1168.9 

- 

422.5 57b.I 

797.9 920.1 

1027.6 1089.8 

1137.6 1168.1 
~ 

418.8 566.1 

778.7 900.0 

989.9 1046.6 

1089.5 1117.0 
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TABLE I ,  - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE: RATIOS FROM 1 M 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

(0) Chamber temperature, 3800° K 

Ib/sq In 
abs 

Chamber pressure, P c ,  0.146360 I 
02507 1.016 1 . 6 0 3 ~  B . ~ * R  396 
98LP6 1.035 1 .2369  17.607 359  
9 5 7 7 1  1.056 1.1809 ?Ea165 356 

~~ 

1.00 
1 .77  3.00 

13."il 3 3 . Q "  

: 03 .00  300 .00  

1001.00 
3000.03 

I I I 
14 i n .  abs 

~ 

1.00 1.16 

2 . 3 8  5 . 3 3  

13.77 h.78 

91.51 

1.00 1.15 

2.35 5.20 

13.0'. 10.00 

11.26 154.16 
~ 

9 io. abs  
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TABLE I .  - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE M T I O S  FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

( p )  Chamber temperature, 40Oo0 K 

~ 

1.00 1.81 3.00 

10.00 30.00 

lOO.00 310.00 

1000.00 
3100.00 
~ 

__ 
1.00 
1.19 7.30 

!?.0' -:.OD 

. O C . O l  "" .a5  

i""". 9c  3 9 3 2 . 3 1  

? " ^  

__ 

Statlc Tem- 
pre59"r'. per-  

P ,  atk-e 
lb / sq  In T 

abs ' i  I I 

~ 

1.00 
1.76  3.00 

.".10 I n . " ?  

12"03 300.00 

l l C O . 0 0  E 
__ 

i :33  
=.SO 

lC.00 30.00 

100.30 300.10 

000.30 
' o o n . 7 0  

nent,  vacuum, 

Chamber pre59uI.e. P,. 0.146960 lb/sa in. sbs 

;y : ; ;  1.302 1.0909 127.149 296 a 0 3 8 2  6 .298  1779.7 I 1 . 3 4 9  11.08551 116.7811 289 I .OIOO /&.736(1855.0  (291::8 
Chamber pressure, Pc ,  0.440880 Ib/Jq In .  abs 

103113 1.020 1.?756 9 - 1 6 ?  $10 0.00'7 
98890  1.0'0 1.235' !8.340 386 .00?9 1.000 1096.7  1.00 
95507 1.063 1.1868 28.656 3,O -0116 1.*12 1167.9 1-14  

0.71 601.7 
O.9& 807.6 

1.29 1112.r 
1.51 1303.6 

1 - 7 0  1bbS.b 
1-11. 1585.3 

1.96 1695.5 I 2.01 1781.8 

WOZll~ I.CG5 1.2566 I 7  77 5 1 3  0.0080 

p 2 8 p 6  1.1,55 :::!$: ::t 96359 1.072 1 .1022  -0115 1.000 1096.1 1.00 1 0.68 598.4 
.n1*7 1 . 6 3 1  116v.5 1.16 0.92 1112.0 

75116 1.273 1.1140 86.967 337  a0299 7 . 3 2 1  1601.3  13.72 1.69 1.85.4 
7 0 8 2 2  1.327 1.1059 96.890 326 .a322 1.806 1706.6 34.15 1.82 1606.1 
46603 1.385 1.0977 10'.596 316 .a336 *e314 1800.9 95.36 1.95 1716.7 
6 3 1 3 1  1.438 1.0920 108.981 398  .13'10 am763 1675.41 2L7.7Y 2.05 1802.6 

Chamber pTeBsuPe, P, ,  4.40880 lb /aq  i n .  abs 

0 .67  1 510.7 
0.92 1 w*.,  
1.28 11101.5 

4'l .k 610.6 

8 w . r  913.2 

1089.5 i i 5 n . r  

1210.' 11.L.C 
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~ $ 2  r r o . 8 8  6 2 0 ~  6 1 7 8 ~  1.683 ~ 1 . 1 8 3 ~  21.272 
251.05 3 9 ~ 3  58608 1.722 1.1755 20.98 

3.00 1'6.96 3 7 2 1  5 6 2 6 5  1 .757  ll.lbP1 21.L72 

TABLE I. - Continued. TEIEOFETICAL PERFORMANCE OF RYDRCGEN A S  A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  3 

(9) Chamber temperature, 4200° K 

6 8 9  
' 7 2  * q l  

__ 
1.00 1.83 3 .00  

10.00 30.00 

100.00 3CC.00 

c00.cc '000..?C 
~ 

__ 
1.3C 1.4" 3.00 

10.00 30.00 

10C.CO 300.09 

1000.00 IC00.0C 
~ 

Chamber pressure, Pc, 0.146960 1 

5 : ; ;  :<pp 1 0 5 1 3 9  1.010 1 . 5 7 8 5  5.630 4 1 

32*8 9 7 3 8 9  1.039 1.2LZe 70.609 360 0.05 
I 100618 I 1.022 1 1 . 3 1 b i l  11.1111 ITS 

Chamber ore58ure. P.. 1.46960 I I  

chamber U ~ P S S U T ~ .  P.. 4 . 4 0 ~ "  it __ 
1.9; 
1.7 3.9" 

10.3'. 30.00 

100.:g 
?00. ~ 

1900.c0 
3000.00 
~ 

__ 
1.00 
1.76 3.00 

10.P1 '0.11 

100.00 z00.r?0 

l"O.00 
3P00.00 

~ 

'1.15 31'05 

;:;: ::9: 

, L 

9 9 6 4 1  1.063 1 .7426 20.2'2 6 2 9  
9 5 3 9 9  1.092 1.7019 79.126 412 
- 1 P l r  1.121 I ! .I792 37.188 400 

Chamber pressure, Pc, 14.6960 11 

9 1 1 5 8  1 .158  1.1990 3 3 . 8 ' 1 h  641 
87266, I 1.191 1.18111 40.137 471 
8388 1.222 , 1.1686 *5 .690  G I 6  

5 8 6 5 7  1 .554  l.lO*Q 71.?37 338 
5 5 3 9 2  1.61'1 1.0997 70.038 378 

Chamber pressure, P", 44.0880 1 

I I  1 I I 
.1 In. ab9 

:88:: 11.0001 1103.1  1 1.00 
,0082 1.434 1150.7 1.13 

4 In. abs 

I 
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TABLE I. - Continued. "HEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[ Equilibrium composition during isentropic  expansion from 
chamber conditions.] 

( r )  Chamber temperature, 4 4 0 0 O  K 

: .?C 

1.cc 
: 7 . C C  
J?.OC 

10"L-O 30".OP 

i . T e  

!"nc.cr 

~ 

1.0$ 
1.7 3.00 

l?.?C 33.9C 

119.1" 

! " ? ? . C O  

?39.?r  

0 .72  b6!.0 ar..; 

1 

0.69 6.11.7 
0.92 i 8.9.1 

539.2 

1024.6 1202.1 

1349.6 1456.7 

1553.0 

737 .8  

M Z h L  

507.6 bVb.0 

913.7 1129.& 

1266.3 1366.3 

1450.0 - 
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I I I  I I I 
:hambe= P F e 5 9 ~ 1 . e .  Pc, 

1.00 0.15 6600 107263 1.009 1.6409 5.115 
1.89 0.08 3691 102132 1.015 l e k 1 9 6  7.817 
3.00 0.05 3 3 3 9  9 8 9 8 0  1.028 1.2565 14.925 

10.00 0.01 2895 91951 I.@,, 1.11IPI 6 2 . 3 7 *  
30.00 0.00 265L 86*59 1.125 1.123'4 67.417 

100.00 0.00 2'53 81158 1.178 1.1084 91.699 
100.00 0.00 2 3 0 2  76810 1 .225  1.0993 109.909 

100.00 0.00 2161 7 2 5 7 5  1.277 1.0917 126.179 
100.00 0.00 20'16 69014 1.326 1.1862 137.612 

Chamber Pressure. P, ,  

. 

Ib pO18e9 

0,146960 lb/sq in. abs 
+el 0.0033 
388 -0039 1.000 11Y8.9 1.00 0 .75  668.' 
366 .0063 1e.29 1119.7 1.11 0.96 8+8.9 

339 .0151 2.$3? 1355.6 2 .26  
325 a0226 2. 11 1197.0 5.11 1:2? :::::: 
313 . 0 2 9 3  3 .  7 3  1626.6 13.W 1.70 1501.1 
306 .03*0 3.250 1726.9 33 .69  1.83 162T .0  

296 . 0 3 ? 8  e .  b7 11121.5 9b.12 1.95 1737.3 
2 8 9  .0*02 4.385 1897.0 241.51 2.05 1823.6 

0.140880 lb/sq in. ebs 

TABLE I. - Continued. THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET 

PROPELLAIT!? AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  ] 

( s )  Chamber temperature, 4600° K 

10.OC 30.00 

113.CC 300.00 

n3C.00 330.00 

0.OI 3 9 3 3  91*20 1.090 1.1526 63.501 3 5 1  . 0 1 6 0  2.218 1375 .0  2.28 1.?9 1168.9 
0.01 2 90 857.6 1.1'0 1.1279 65.9'16 3?6 e 0 2 2 8  2.798 1518.6 5.12 1-51 1364.1 

9.00 2562 8 0 2 7 1  1.196 1.1120 8 7 . 2 2 3  326 .0289 3 .367  1649.7 13.40 1.69 1528.5 
0.00 2399 75838 1.7&6 1.1032 10?.2LO 316 . 0330  3.850 1750.8 33.48  1.83 1bbV.9 

1.CC 22k6 7 1 * 7 5  l r ' O O  1.0959 117.100 3C5 e 0 3 6 2  4.35b 18Cb.C 93 .eI  1.95 1761.2 
0.00 2126 67875 1 .?*9  1.08% 126.528 297 - 0 3 8 1  h e 7 9 9  1921.6 2LI.bk 1-04 1818.0 

~ 

1.00 1.82 3-00 

10.00 33-00 

100.00 300.10 

000.00 "0@.?q 

- 
1.00 
1 .00  3.00 

L0.00 30.00 

!30.0C :,>n.ai 

"50.00 

10.00 30.00 

100.00 300.00 

10n0.00 m0.00 

::pi 3.09 

10.00 30.00 

100.00 300.00 

1.L7 e600 106638  !.OIL 1.6961 6.729 667  0.0041 
0.81 3966  101695 ..a32 1.2938 13.215 609 a0063 1.000 1162.6 1.00 
0.49 3659 98065 1.053 1 . 2 1 9 7 ,  21.756 391 -0096 1.426 1211.1 1.13 

0.15 3206 9 0 5 0 3  1.109 1.1566 $6.718 365 .QI?l 2 . 2 0 b  1395.8  2.28 
0.05 2 9 2 7  8c lb l9  1.162 1.1331 bL.178 350 -0231 2.187 15.1.4 5.11 

0.01 2 6 8 9  78907 1.221 1.1177 

3.90 2 3 L 3  69982 1.331 1.099& 106.766 315 - 0 3 4 2  1.365 1871.2 92.b7 
m;aurY,[c, P.OP 2 7 1 1  66319 1 .?82  1.0932 113.952 307 - 0 3 5 5  G . 8 1 8  19e6.0 ?*0.19 

4.40i80 ;1' in. a i  ~ ! iif: 
*.+I * b o 0  1 0 5 3 2 1  1.027 1.3682 9.966 4 4 9  0.0055 :::: 10045 96669 1:::: ;:$::8 :::;:$ 2;: :%I: :::$: k::$:6 

::;;'3; $6.358 380 .01(14 2.194 lLO8.8 
62.746 363 - 0 2 3 5  2.718 1555.8 

0.46 3 ? 6 2  88920 1.136 
0.15 3165 82903 
2.04 trips ;;;bI 1.25* 1 .1221 77.602 368 a0277 3 4 5 8 1 1 6 8 8 . 9  1 13.2* 
..a1 _. 1.910 1.1120 8 8 . 1 8 9  331 .a103 ?.E55 1790.8 32.83 

0.00 2433 68047 l.?'O 1.1032 9 6 . 6 2 3  326 ~ -0320 1.376 1886.2 91.10 
0.00 2 9 0  b'l3LB 1.'+2LI 1.0960 101.571 317 .0?17 6 . 8 3 6  1961.1 ?3b.b7  

, 
1 

+ . & I  3 6 0 6  7 8 3 1 6  ::;;; ;:;;;; Q9.732 'bl3 - 0 2 1 3  2.178 1361.0 2.31 1.21 
56.688 395 e 0 2 3 0  2.760 1503.9 5.16 1.'9 1.67 3 2 8 6  7271* 

;:;; ;;?: 6 1 3 2 k  1.429 1.1281 61 .822  377 - 0 2 3 9  3.364 1632 .5  13.26 1.67 
63016 1.193 1.1188 6e.293 363 . 0 2 3 9  3.819 1730.b 32.68 1.81 

0.0'1 2566 58834 1 .562  1.1101 6*.693 3&9 -0231 b.381 1021.4 90.29 1.92 
O& 1 3 9 9  554'9 1 . 6 7 6  1.1062 63.067 338 .0218 4.855 1892 .9  2 3 2 . + 6  2 . 0 2  

Chamber Pressure, P,, 146.960 Ib/sq in. abs 

l e6 .96  4600 $+%!; ::?if 1.2019 3?.'+99 
83.35 6 3 1 6  1.1878 35.331 :?? '::8:?: 1.000 1052.5 1.00 0.67 
G8.99 '1082 74*13 1.393 1.1767 '7.612 6 5 7  .0180 1.627 110+.2 1.15 0.92 

14 .70  3637  67911 1.L73 1.1567 41.312 431 e 0 1 8 5  2.17b 1271.: 2 - 1 2  1 - 2 1  
6 . 9 0  3306 6 2 9 t 5  1.545 1.1b29 62.896 410 .a182 2.75. 1112. 5.16 1 .69  

1 . 6 7  3 02 5820I 1.622 1.1313 $2.698 390 e0172 3.338 1533.0 13.28 1.67 
0.*9 2?6& 5 6 4 0 6  1.690 1.1232 40.823 Ilk .0158 3.8.5 162&.b  32.62 1.81 

0.70 651.0 
0.93 867.9 

1.28 1194.6 
1.50 1396.7 

1.68 ;:;; ~ 11688.6 1565.7 

I E O O . 0  
a 0 2  I887.P 

1000.00 
m0.01 

Chamber ~Pessurr, Pc, 14.6960 ib/sq i n .  ab8 

1.30 1* .70  4600 101368  1.066 1.2655 10.193 LS5 0.0093 
1.78 0 .25  1 2 3 3  96691 1.096 1 . 2 1 9 7  26.108 6 '5  .0123 1.000 1161.0 1-00 0.68 638.n 
3.01 4.90 3969 9 2 8 6 8  1.126 1.19641 33.LOL '121 .01S0 1.42& 1214.9 1.14 0.92 860.0 

;.IO;; ;::;a1 
3 3 8  .0286 6 . 3 8 2  1816.5 9C.51 1.92 1792.2 

m n . o n  0.00 10 3 328 ~ 0 2 8 3  4.849 1950.7 ? ? ) e t 9  2 - 0 1  1878.1 
010.00 0.01 ;2ii 6**53 60829 

0.15 2534 50737 1.763 1.1167 37.012 3 5 1  ,0137 4.384 1709.3 89.71 1.93 
0.05 234* 47710 1.826 1.113'1 32.037 3.2 .011L 6.865 1775.3 229.51 2 . 0 2  

1.00 1.16 

2.31 5.05 

12-66 29.49 

72.12 158.29 

__ 
612.5 831.7 

1151.a 13.8.8 

1512.7 1631.9 

1739.8 1122.( 

__ 
571.. 179.1 

1080.1 1266.: 

1.20.4 1532.' 

1633.1 1710.1 

4 
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TABLE I. - Continued. THEORETICAL PERFOMCE OF HYDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURE MTIOS FROM 1 TO 3000 

[Equilibrium composition during i sen t ropic  expansion from 
chamber condi t ions.  1 

( t )  Chamber temperature, 4800° K N 
0 

rd 
W 

I 

. 

Lo 
I 

E-l u 

Static Tea- tn- Molec- Isen- S p e -  Abso- Thermal Mach S p e c l f l  Area 
~ressu l l e ,  per- t h a l w ,  ular tropic c l f l c  lute conduc- n u -  Impulse ratlo 

P, ature, h. weight. expo-  heat. v i s -  tlvlty, be?, In E 

l b / W  I n  Z. ial/E 1 nent, c - ,  c o s -  k ,  M vacuum, 

Chamber p ~ e 9 5 u 1 . e .  P". 0.146960 Ib/sa I n .  ahr 

Chamber pressure,  Pc, 14.6960 lb/sq i n .  ab8 
lL.73 L.600 10'183 1.0'* 1.3169 13.778 4 6 5  0.0077 

8 . 1 9  i l l 4 6  q9k7? 1 . 0 7 1  1.2627 21.336 *LO e0107 1.000 1190.9 1 .00  
i r 9  GC25 9552 1.090 : .7C8? > R . 5 0 7  * Z *  .0130 l.b72 17*' .0 1.13 

__ 
1.00 
1 . 7 :  3.0 

?0 .30  12.00 

: 3 O . " C  339.09 

-00.00 "2C.C" __ 
~ 

1.00 
1 .77  3.00 

?0.00 ? O . O 1  

1CC.CC ?OO.CC 

"?e..? QCC.00 __ 

l?.cIC 30.00 

100.00 300.00 

50O.OC 
noa.oo 

~ 
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TABLF I .  - Concluded. THEORETICAL PERFORMANCE OF DDROGEN AS A ROCKET 

PROPELLANT AT ASSIGNED PRESSURF: RATIOS FROM 1 TO 3000 

[Equilibrium composition du r ing  i s e n t r o p i c  expansion from 
chamber cond i t ions .  1 

(u) Chamber temperature,  5000' K 
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1.OC 
1.87 3.00 

TABLE. 11. - EQUILIBRIUM COMPOSITION OF HYDROGEN AS A 

ROCKET PROPELLANT 

[ I s e n t r o p i c  expansion from chamber condi t ions . ]  

( a )  Chamber temperature, Tc, 12000 K 

1600 .00017 0.99903 
1363 .30001 -99999 
1232 1 .oooo': 

~ 

1.00 
1 .88  3.00 

10.00 "2.00 

100.00 300.00 

1000.00 
icon.nh 

P c .  1 

!.OO 

- ~~ 

~ 

..a8 3.00 

10.00 30.00 

100.00 '00.00 

1100.00 
UWLnn 

P T ~ S S U ~ F  r - ~ p . - r -  M U ? ~  ?al t l L n  
r i l t i u .  a*ui.e, 

' i / P  T. 
"p 

Pc, c.:4.>,no Ib/sq  I". ,dbS 

1 .88  1 0 1 1  

"K 
y 

1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 

1.00000 
I .00000 

1.00 1200 

3.00 888 

10.00 633 
30.00 $63 

100.00 329 
300.00 239 

1000.00 165 
3 C O O . 0 0  1 l C  

P , .  : .  L I. *L/Sq ! , I .  a b s  

1.01000 
*63 1.""000 

-00.00 98Q , 
'00.00 1 283 ~ I;:;:% 

1.00000 
1.00000 
1.00000 
1.00000 

1900.00 

1.0000< 100.00 ?00.00 

__ 
1.00 
1.07 3.00 

10.00 30.00 

100.00 300.00 

!000.00 
i&!2!2*0p 
P.. I __ 
1.00 
1 .07  -.00 

10.00 30.00 

100.00 300.00 

1n00.00 i!uQ&a 
Pc, 1 __ 

1.00 
1.87 ,.00 

10.00 30.00 

100.00 300.00 

000.00 E 

- 
1600 1365 1204 

065 635 

6 5 1  330 

22 
0 1 ,0 

1600 
1 3 6 2  1 2 0 1  

863 63' 

' 5 0  329 

232 x 

~- 

1 

3.99946 .99996 
1.00000 

1.00000 
1.00000 
1.00000 
1.00000 
1.00000 

1.0000c 

1.00000 
1.00000 

1.00000 
1.00000 
1.00000 

.:.c !tIa: In. ibs 
0.99999 
!.00000 j!l 1.00000 1.00000 1.00')00 

6 5 0  1.00000 
1.00000 
1.10000 E: 1.00000 

Pc ,  0.440680 Ib/sq In. .ab8 
1.30000 

1.00000 
1.0c000 
l.0OOOO 
1.10000 
1.00000 

1000.00 1.00000 
1.00'JIO 

100.00 300.00 

1.01000 
1.00000 

100C.OO 

1.?0000 
1.C0000 

1.00000 
1.30000 
1 .  ?0000 
1.30000 

ior.00 
3 0 0 . 0 0  

~ ;;' 1 ~ ;;%8;? 
1.3000' 
1.0000' 

1.0001' 000 I 

?00.00 900.00 28, 

i100.00 198 

10.00 1 86' 
30.00 , 53'1 

100.00 300.00 

1000.00 

! 1.00000 
I.C0000 
1.00000 
1.00000 
1.00000 

il :-. 1 L 5  

1.00000 
1.0oooc 
1.00000 
1.00000 
1.00100 
1.00000 

5 1  I r  - i b s  

1.00000 

1.COOOC 
1.00000 

1.00000 
1.00000 

1.00000 

1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 

1.000')o 
1.00030 

1.00000 
1.00000 

~ 

1.10 1.87 
3.30 

10.00 
;;.OC 

130.31 '01.00 

1CC1.00 
3OC0.00 

_L 

!:8P 
3.00 

30.00 

1c0.00 30n.00 

10.00 

13cr.oo __ 30".00 

1.00000 
1.00000 110.00 700.00 

1.30000 
1.00000 
1.00000 
1.00000 

1000.00 1. co000 
~OQ.00 

1CO.00 3CO.00 

?L, 4 4 . 0 r r C ;  1a/s,, i n .  B L S  

1.00  1600 e00003 0.99998 

3.00 1231 

90.00 1.00000 
1.00100 
1.C0000 

1000.00 232 1.00000 

101.00 4 5 0  
30'1.00 329 

1.000CO 
1.00000 
1.00000 
?.00000 

1.00000 
1.00000 

100.00 300.00 

! 000.00 
'000.00 
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TABLE 11. - Continued. EQUILIB3IUM COMPOSITION OF KYDROGEN AS A 

ROCKET PROPELLANT 

[ Isentropic expansion from chmber conditions. ] 

(d) Chamber temperature, T,, 1800° K 

1.00000 
1.00000 

1.00000 
1.ooono 

, . I .  .LC 

1.00000 

1.00000 
1.00000 

1.00000 
1.00000 

3.00 1364 

10.00 96b 
30.00 725 

1.00000 
1.00000 

1.00000 
1.00000 

:1.00 99' 
30.00 72' 

!10.00 ?30.00 515 377 

1310.00 ? 6 6  
33^".00 ! 9 2  - ii ~- . 

I.1O"Pi 
1.00103. 

10C.00 

!. 0 0 0 0 0  
I. 00000 

1 C C . 0 0  330.00 

10011.00 
390C.00 

300.00 

1000.00 
3000.00 

r, , 
~~ ~ ~ 

!.OD 1.8' 3.00 

13.00 '0.01) 

. ,0.05 '".00 

." 
I:"?. 00 

.:. 
- 

:.90 1 . 8 5  

!9.00 32.00 

!01."0 ? 0 0 . 0 0  

1CO^.00 
?001.00 

3.00 

__ 

13.00 

100.00 

l"00.00 

30.00 

m . 0 0  

y,ooo 0 
/ I  . __ 
i :8?  
3.00 

!0.00 30.00 

100.00 ?OO.OO 

1000.00 
1"00.00 

. .  - .- 
1.00 
! . E 5  3.00 

10 .00  33.30 

3 C S . 0 0  

1000.00 
300c.00 

i n a . 0 0  

~ ~ 
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m s s u r e  
ratlt., 

pc/p 

Pc ,  

1.00 1.73 3.00 

30.00 

100.00 300.00 

1000.00 

10.00  

~ O @ O . O O  

L 

l'imper- M o l e  rractlon 
BtUTP, 

an H " 2  

_____ 0.iiiY60 Ib/sq in. a b s  
2600 0.1&63' 0.85366 
2297 e11691 -68309 
2192 - 0 8 8 5 1  .911*3 

1656 a00525 -99415 
1210 .0000* -9999) 
919 1.00000 

1.00000 
1.00000 

656 

1 9 ~  .0350+ .96*~6 

*eo 

TABLE 11. - Continued. EQUILIBRIUM COMPOSITION OF HYDROGEN AS A 

ROCKET PROPEL= 

[ Isentropic expansion f rom chamber conditions. ] 

Chamber temperature, Tc, Z400° K 

P..  i . i O r . 0 0  l t , b ,  i n  Pbs 

1.00000 
1.00000 

_ .  ' . . - ! I S L ' . .  , s  

300.00, 527 

P<, :4.>,.*>1; 

1000.00 * * 5  
3000.00 325 

~ 

1.00 2600 
1.83 227' 
3.00 20?5 

19.00 1511 

1.00000 i.oooao 

1.00000 

1.00000 
1.90000 

:L/s: i r .  a c s  

0.00381 0.99619 
. 0 0 1 ! 3  a99687 
.00033 .999b7 
.00COI 099999 

10.00 2 3 6 ?  
30.00 2216 
100.00 2039 
300.00 18'1 wmM& 

~ P c ,  I:.. ..0 
1.00 2600 
1.76 2615 
3.00 2 ' 1 3 3  

10.00 1916 
30.00 1525 
100.00 1113 
300.00 920 

30.00 

1000. 

1.00000 
1.00000 

1.00000 
1.00000 
1.00000 

I I 

1.00000 
1.00000 

1.00000 
1.00000 

1.00000 
1.00000 
1.00000 
1.00000 

1.00 2800 0.226~6 0 . 7 7 3 ~  
1.73 2671 e19378 . 8 0 6 2 ?  
3.00 2559 ~16175 .E3625  
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TABLE 11. - Continued. EQUILIBRIUM COMPOSITION OF HYDROGEN AS A 

ROCKET PROPELLANT 

[ I sen t ropic  expansion from chamber condi t ions.  ] 

( j )  Chamber temperature, Tc, 3000° K 

10.00 2660 -11386 
30.00 2215 e05929 :8:8:;1 
100.00 I907 e01513 198487 
300.00 1530 e00079 -99922 

l."000C 
1.00000 

1000.00 111' 
3000.01 825 1 1 1 
100.00 1C89  
300.00 8 0 6  

1000.00 5 7 2  
3000.00 419 

P v ,  1 4 i . 9 6 0  lb/s? i n  a t s  
1.00 3000 0.048*9 0.95151 
;:;E :::B ::::2 ::::::, 

10.00 1965 .00127 -99873 
30.00 1'199 .00003 ,99998 

l.00000 
1.00000 

1.00000 
1.00000 

i.noooo 
1.00000 

inco.00 

I.00000 
1.00000 

( A )  Chiirrr-r t e - p - r a t u r e ,  TC, .'20Oo K 

1.00000 

1000.00 

10.00 2512 -24922 . 7 5 0 7 $  
3 0 . 0 0  2342 - 1 8 6 6 3  e 8 1 1 5  

303.00 109.00/ 2146 1966 1 .1215*1 .06776 .9322* . 878&b)  

1.00000 
1.0000'1 
1.00000 
1.0000C 
1.0009C 

1?00.00 
3000.00 

10.00 2 2 9 ~ .  .ooiei .99819 
3 0 . 0 0  1695 .00008 .99993 

1.00000 
1.00000 

100.00 12*1  
300.001 z;: 1 I 1 

1.?0000 
1.00000 

1000.00 
~ 0 o o . 0 0  *no 
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TABLE 11. - Continued. EQUILIBRIUM COWOSITION OF HYDROGEN AS A 

ROCKET PROPELLANT 

[ I sen t ropic  expansion from chamber condi t ions.  ] 

(m) Chamber temperature, Tc, 3600' K 

10.00 2 8 0 1  e88356 .116&L 

100.00 2610 - 7 8 0 1 8  - 2 1 9 8 2  
300.00 I l l  2 2 6 8  - 7 3 1 3 9  ~ 2 6 8 6 1  I 30 .00  2 5 9 5  .e3410 . i 6 5 9 0  

10.00 3005 .I6733 . e 5 2 6 7  
30.00 2 6 8 1  .@1)711 . P I 2 8 9  

100.00 2 3 2 3  a03177 - 9 6 6 2 3  
300.00 1 9 6 2  -00590 . 9 9 4 1 0  1 3000.01 1000.00 

1 - 0 0 0 1 2  1 
1 4 6 7  1 0 9 6  1.0000~ a 9 9 9 8 8  

10.00 2 9 7 3  - 7 3 8 5 3  - 2 6 1 6  
30.00 2 1 5 6  .be056 03191, 

300.00 2 3 9 5  - 5 6 1 3 0  - 6 3 8 7  300.00 100.00 1 2 6 9 3  23&2 1 ,72970 ab7785 1 a27030 - 3 2 2 1 5  1 1 10o.01 2 5 5 6  1 . 6 1 7 8 i I  -3 .3211 

1000.00 2247 e 5 0 0 2 0  .6998O 
3000.00 2 1 1 7  - 4 4 5 2 1  e 5 5 6 7 9  

10 .00  2 9 0 1  ,83991 ~ 1 6 0 0 9  
30.00 2687 .7a709 . 2 i ~ ~ i  

1000.00 2 1 9 8  - 6 2 1 6 1  - 3 7 8 3 9  
30no.00 2081 .5708* .*2916 

10 .00  2 9 7 3  
30.00 2735 

100.00 2 5 0 5  
300.00 2 3 1 3  

:000.00 2 1 1 1  
:WC.m, %if 

/sq In. abs Pc, 44.0h80 Ib/sq in. abs 

-17570 .52*30 
a44066 - 5 5 9 5 4  

~ 3 6 L 1 2  - 6 3 5 8 8  
-29652 ~ 7 0 3 6 8  

e22509 .77*91 
e15296 e83706 

P c ,  1 4 . r . L ' S C  

P c ,  4 4 3 . 0 0 0  

1.98836 0.0116'. 
a96786 e 3 3 2 1 4  
~ 9 6 5 6 5  - 0 5 4 3 5  

-89051 e 1 0 9 6 9  
-83943 .I6057 
178367 -21633 
e73322 -26678 
e67846 -3215'. 
162897 e37103 

/sq I" .  abS 

1.76653 0.23347 
-73225 - 2 1 7 7 5  
s699W -30056 
-6268L - 3 7 3 1 6  
.5b l52  -43838 

.491'9 - 5 0 8 6 1  

.*2819 . 5 7 1 5 1  

.3609b .6390* 

.?DO73 - 6 9 9 2 7  
/sq I n .  abs 

1.25071 .2l '*ll o::::ss; 
e18095 . S I 9 0 5  

.OS611 - 9 6 9 2 9  

e01524 - 9 8 L 7 6  
.0013* .99866 

.00001 . 9 9 9 9 9  
1 .0003c  

.i1103 . a 8 8 9 7  

Pc, i 4 . O h i > O  Ib/sq In. acs 
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10.00 30.00 

100.00 300.00 

1000.00  
3000.00  

Pc, 
1.00 1 - 1 5  3.00 

10.00  30.01 

100.00 300.00 

1000.00 
3000.00 

Pc. 
1.00 
1 - 7 6  3.00 

10 .00  

100.00 300.00 

1000.00  
3000.00 

10.00 

TABLE 11. - Continued. EQUILIBRIUM COMPOSITION OF HYDROGEN AS A 

ROCKET PROPELLANT 

[ Isen t ropic  expansion from chamber condi t ions.  ] 

( p )  Chamber temperature, T c ,  4200' K 

3 1 5 6  . a7447 . i 2 5 5 3  
2 8 9 3  . E ~ O S ~  . i 7 9 ~ i  

2 6 6 6  e 7 6 1 8 1  e 2 3 8 1 3  
2 6 9 0  .70880 .29120 

2 3 2 6  - 6 5 1 2 5  .)*E75 
2195 - 5 9 9 3 0  .*0070 

44.0660 Ib/sq In. abs 
4200 0 .69951 0 .30069 
3 9 6 6  .66301 e 3 3 6 9 9  
3767 - 6 2 8 3 9  - 3 7 1 6 1  

3 3 9 7  .55167 . L 4 8 1 3  
3111 a b 8 2 9 9  a 5 1 7 0 1  

2816 -40933 - 5 9 0 6 7  
2 6 7 6  . 3 Y 3 7 ?  - 6 5 6 2 7  

2422 a 2 7 3 8 5  e 7 2 6 1 5  
225* .21224 1 7 8 7 7 6  

l 4 6 9 . t i O  Ib/sq in. dbs 
4 2 0 0  0 .19796 0 . 8 0 2 0 6  
3909 e16384 ,83616 
3 6 5 7  - 1 3 3 3 0  e 8 6 6 7 0  

3 1 1 5  a07130 - 9 2 8 7 0  

2 1 5 2  -00423 - 9 9 5 1 7  
1656 .00018 - 9 9 9 8 3  

1.00000 
1.00000 1 2 1 9  9 0 3  

2690 . o m 2 8  .9717? 

I 

, 

P c ,  0.11;9r10 
1.00 6200 
1.83 3531 
3.00 3 2 4 8  

10.00 2864 
30.09 2636 

100.00 2*40 
300.00 2292 

1300.01  2 1 5 3  7 3100.00 2041 

i , ~. 1;: 'd IC, 5-1 _r.. -~~ ' 
; : s a '  :;;? 0.9685; 0 .03150 '  

3.00 3752 . 9 1 6 L 2  

10.00 3 3 2 6  e854b'. -1'1536 
30.00 30'10 .79791 . 20209  

100.01 2 7 9 0  .73618 a 2 6 3 8 2  
300.00 2 5 9 9  a 6 8 0 6 5  e 3 1 9 5 5  

1000.00 2 1 2 0  .6231C a 3 7 9 9 0  
?000.00 2 2 7 8  . 5 6 5 6 9  .*3431 

.91215 :;:'I;;: 

Fc, l i G . i t i 0  Ib/sq In. a b s  

l.C9 LG30 0 .59871 0.*0!29 
1.76 &1*2 . 5 6 0  6 .L13996 
3.03 3924 . 5 2 3 ? 1  .*7629 

10.03 3 5 0 5  .LL316 15568'. 
30.00 3 1 8 8  - 3 7 1 5 1  .62849 

300.00 2 6 5 5  .2285* .1714b 
100.00 2 8 9 2  .29538 . 7 ~ 6 2  

1o00.09 2 4 1 9  . i 5 8 9 8  . B L I O ~  
000.00 2 2 1 5  . i o 0 1 8  . a w e 2  

19.00 3 2 7 7  . e 2 5 9 1  . i 7 * 0 9  
30.03 3005 . 7 6 8 2 1  a 2 3 1 7 9  

!?3.00 2762 a70557 . 2 9 * C 1  
300.09 257b .be908 a 3 5 0 9 2  

1000.0C 2CC0 
3900.00 i l l  2260 ::",:%4 :::E 1 

13.03 3357 e 3 1 0 3 2  e 6 5 9 6 8  
30.05 3019 - 2 6 9 5 1  .730'+9 

"00.00 2538 .1'226 .@b77* 
:30.09 2 7 5 3  .iq5+e . eo652 

3 " 0 0 . 0 ]  !POO.O1 2 2 4 7  1 9 8 b  1 .07OiZ . 0 2 5 1 i  . 9 2 9 8 5  a 9 7 6 8 1  

. 7 2 5 6 9 '  a27L31 '  

.b789C .32110 

Pc. 0 . 1 4 6 9 6 0  Ib/aq in. abs 

.931*9 a 0 6 8 5 1  

.a3119 - 1 6 8 2 1  
.78&10 - 2 1 5 6 0  

.be626 .3137* 

. a 8 6 0 1  . i 1 5 9 9  

. 7 3 2 8 7  .26713 

/sq in. a b s  

) . 9 8 1 3 i  0.01863 
.95773 . O b 2 2 7  
.93358 .Ob642 

. a7308 , 1 2 6 9 2  

. a 1 7 0 3  . l a 2 9 7  

. 6 1 i a 3  .38217 I . w w  . e1156 

.75592 e 2 4 4 0 8  

.7007C e 2 9 9 3 0  

.b4087 4 5 9 1 3  

.58692 .*1308 

/sq i n .  abs 
) .69156 0.3094'1 

.653*0 .3&660 

.53820 .*bl80 

.e6698 - 5 3 3 0 2  

.3907* .3230b :ss%at 

.25127 .7*813 

vessure  t em per- Mole fraction 
ratio, ature, - 

Pc/P H z  T, OK 

Pc. 0.1408MO Ib /sq In. ab5 
1.00 *200 0.99393 0 .00607 
1.80 3659 .97692 -02308 
3.00 3393 .95635 - 0 4 3 6 5  

10.00 3002 - 9 0 2 2 5  .09775 

100.00 2 5 6 6  - 7 9 6 2 8  - 2 0 3 7 2  
300.00 2386 - 7 4 6 1 8  e 2 5 3 8 2  

1000.00 2235 a b 9 1 7 7  a 3 0 8 2 3  
3000.00 2115 . b e 2 5 9  a 3 5 7 4 1  

3 0 . 0 0  2757 . a 5 1 6 3  . I 6 8 3 7  

P c ,  14.1'9CO I b / s q  i n .  ab5 

P c ,  440.bYO Ib/sq i n .  abs 
1.00 4 2 0 0  0 .33026 0 .66976 
1.76 3 9 6 3  .29212 .70788 
3.00 3 1 ' 1  - 2 5 6 5 9  r 7 * ? * l  

30.00 292' . I 1 6 1 1  e 8 8 3 8 9  
10.00 3 2 1 9  . l a 0 1 5  . a 1 9 8 5  

100.00  2553 . o s 5 8 9  . 9 u i i  
300.00 2192 . o i w  . m 3 1 8  

iooo.oo 172;  .o1103 . 9 9 8 ~ 7  
3000.00 130 .00001 .99999 

1 0 )  Chamber ternoerature. T", 4 4 0 0 0  K 

PC. 140.nn0 Ib /sq in. abs 

- )  Chamber  t em~era t i I Ie ,  Tc, 4600" K 
P.. 0.440d80 I d s o  in .  abs I 

P L ,  14.6iIGO 

i i 

30.00 i0.001 3 1 3 3  2912 1 .88908i  .E1577 . i 1 0 9 z I  a 1 6 4 2 3  

1 0 0 . 0 0  2679 e 7 7 7 5 5  .227&5 
300.00 2512 -72'90 .21510 

P c ,  1 4 6 9 . b O  :c/sq 1 0 .  ab5 

10.00 3336 e 1 1 7 6 0  1882410 
30.00 2909 e06253 .93?*7 

100.00  2 4 4 2  - 0 1 9 1 2  s 9 1 0 8 8  
300.03 1 9 7 3  -00232 - 9 9 7 6 8  

1000.00 l a 7 1  .0000* e 9 9 9 9 6  
3000.00  I 1 0 9 9  1 I l.oooool 

10.00 3606 ~ 7 1 8 6 3  a 2 8 1 3 7  
30.00 3286 e 6 5 3 0 2  - 3 b 6 9 8  

100.00 2 9 9 8  - 5 8 2 1 7  - 4 1 7 8 3  
300.00 1 / 1 1  2 1 7 6  - 5 1 8 5 9  . 4 8 I * l  

3 0 0 0 ~ 0 0 ~  1000.00 2 5 6 6  2 3 9 9  .65016 .18886;  a 5 1 9 8 6  *b1116/  

P,. 1 4 6 9 . 6 0  lb/Sq In. abs 

1 . 0 0  6600 0.32380 0 . b 7 b 2 0  
1.76 6 2 9 1  - 2 1 5 6 2  .71*38 
3.00 4070 e 2 5 0 5 5  e 7 4 9 b 5  
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TABLE 11. - Concluded. EQUILIBRIUM COMPOSITION OF HYDROGEN AS A 

ROCKET PROPELLANT 

[Isentropic expansion from chamber conditions. ] 

(s) Chamber temperature, Tc, 4800° K 

P2, 4.40880 

Pn, 0 . 1 4 6 9 6 0  :a/sn in. abs I 

30.00 2 6 1 1  

100.001 246L 
I 

Pc, 14.6960 

Mole fraction 

t) Chamber temperature, TC. 50@0° K 

Pc, 146Y.GO Ib/sq  in. a t s  
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TABLF I I I .  - ChARACTERISTIC V-LOCITI AND ENTROPY OF HYDROGEN AS A ROCKET PROPELLANT . 
v e l o c -  

ft 
s s c  

c, G.146960 l o / s q  :n. ahs 
- 

, 1.46960 l C / S  in. n o s  

7 5 4 7  2 1 . 3 5 4 7  
8 7 1 9  22 .3586 
9 7 6 7  23 .1494 

7 5 4 3  

9 7 6 7  

1 0 7 2 9  
1 1 6 2 6  
1 2 4 7 4  
1 3 7 9 9  
1 4 1 6 3  

1 5 1 4 5  
1 6 7 2 8  
1 7 3 6 1  
1 8 6 5 7  
20268 

7 2 7 7 9  
7 4 3 1 7  
2614P 
77468 
? e 1 4 6  

28975 
2 9 3 7 4  
2 9 6 5 9  
2 9 9 5 1  
3 0 2 3 9  

a 1c 
7 5 4 7  
8 7 1 9  
9 7 6 7  

1 0 7 2 9  
1 1 6 2 6  
1 2 4 6 9  

1 4 0 4 n  

l 4 8 l C  
1567' 
1 6 4 8 9  
1 7 3 9 5  
1 8 3 3 4  

1 9 3 1 1  
2 0 4 4 4  

2 3 1 4 0  

8 7 1 9  

~ 

___ 

1 3 2 7 0  

2 1 7 ~ ~  

2 4 6 9 1  

2 6 2 8 7  
2 7 7 8 2  
2 9 0 8 5  
3 0 1 5 4  
3 1 0 0 3  __ 
6 3  IO/ ___ 
7 5 4 1  

9 7 6 7  

1 0 7 2 9  
11626 
1 2 4 6 8  
1 3 2 6 4  
1 4 0 7 7  

1 4 7 5 0  
15G59 
1 6 1 6 6  
1 6 8 6 5  
1 7 5 8 1  

1 8 ? 1 1  
1 9 0 5 3  
1 9 8 1 1  
2OC89 
2 1 7 9 8  

2 2 2 5 1  
2 3 1 5 6  
2 4 1 1 9  
2 5 1 4 0  
2 6 2 1 0  

a 7 1 9  

- 

20.1675 
21 .1719 
2 1 . 9 6 2 7  

22 .62?4 
23 .1978 
23 .7117 
2 4 . 1 * ? 1  
24.6686 

25 .2209 
2 5 9 6 3 L  
27 .0672 
28 .7428 
3 1.1760 

7 4 . 7 4 1 0  
3 7.7 41.3 
4 0 . 5 5 9 3  
42 .4847 
41.6n9e 

&4.286? 
44.1421 
45 - 0 6 1  5 
45.7294 
45 .5626 

7 5 4 3  22 .4?72 
8 7 1 9  23 .4415 
9 7 6 7  7 4 . 2 3 2 3  

0 7 2 9  23 .8102 
1 6 ? 7  74 .2848 
7 4 7 9  24 .9009 
3 7 2 9  75 .3906 
4 7 7 5  25 .9164 

1 5 3 8 6  26 .6016 1 5 6 5 1  27 .9084 
l 6 9 q 7  29 .5552 
1 8 5 4 4  32 .2499 
2 0 7 0 3  36 .7850 
2 3 1 4 8  41 .2254 

25150 44.9PqO 

2 1 6 4 9  ' 7 5 . 8 6 8 2  

23917 39 .9547 
2 5 7 7 1  4 3 . l " ? ?  
2 7 0 0 0  45 .0087 

46 .5921 

2 8 0 7 L  49 .2470 

2 8 5 9 9  49 .7255 
2 8 9 5 -  49 .9h17 

28292 49 .494a 

47 .7591 

q i r L .  3:'. __ 
16.8 1 5 0  
17.8193 
I8 .6101 

19.2708 
lQ.3450 
! O s 3 5 6 6  
' 0 . 8 2 1 9  
71.2557 

! I s 6 7 6 3  
! 2 . 1 0 9 1  
! 2 . 5 8 8 9  
' 3 . 1 5 9 2  
! 3 . 8 7 0 4  

! 4 . 7 7 5 0  
!5 .9207 
!7.7147 
!9 .0027 
30.8442 

32.7056 
34.4063 
35.8168 
35.903 5 
37 .7086 

EqTpzz 1000 9767 1 9 1 6 9 3 C  

1 2 3 9  1 0 7 2 9  20 .3517 
2 0 . 9 2 7 9  
21 .4199 
2 1  -95 '2  ' 72.34e4 

14°C 
1 6 1 9  
1 8 - 3  
7 " " "  

1 1 5 2 6  
124 '0  
1177,- 
!4 '?5L 

l e " "  j l 3 7 8 4  77 .0986 
2n"? 114177 (23 .5545 

2 2 ~  1 1 4 8 7 9  122.7906 

ZL-0  1;;;;; 173.2741 
26QC 23.8562 
2 8 1 1  1 7 6 9 6  24.6098 
301C 118748 25 .6184 

" I I A ' - ' L  !& ". " " ' " 

37.1474 
38.52 15 
39 .4803 
40.1432 - ... ̂ 

5010 130767 /43 .3017  5000 1 3 1 1 6 2  I 4 U . b l b Y  

' c ,  440 .380  l o / s q  i n . d c  - 
6 0 @  
8 0 0  

1000 

; :Lao 
13.3585 
14 .3629 
15.1537 

15.8 1 4 4  
1b.?R95 
16.8997 
17 .3527 
17 .7881 

1 8 . 1 a 4 r  
18.5600 
18 .4242 
19 .2870 
19 .6595 

20 .0527 
21 .4779 
20.4455 
2 1  .*643 
22.0414 

22.6811 
23.?865 
2 4 . 1 5 3 1  
24.9716 
25.8346 

- 
7 5 4 3  
8 7 1 9  
9 7 6 7  

14 .5453 
15.5496 
16 .3404 

17  - 0 0 1  1 
1 1 . 5 7 5 3  
18.0866 
18 .5500 
18 .9768 

19 .3771 
19 .7628 
20.147C 
20.5L57 
20.9769 

21 .4591 
22 .0111 
22.650C 
23.3995 
24.2381 

25 .196t  
26.2537 

28.5481 
29 .695;  

2 7 . 3 8 4 ;  

1 2 0 0  
1110 

18°C 
1 6 n r  

2nn0 

2 7 n n  

28nc  

2 4 0 0  
2 6 n @  

3900 

320C 
3 4 0 0  
3619 
3 8 0 0  
4nno 

4 2 n c  
44C0 
4 6 0 0  
4800 
5 0 0 0  

1 0 7 2 9  
1 1 6 2 6  
1 2 4 6 9  
1 3 2 6 5  
I4076 1 4 0 3 2  / 2 0 . 0 6 2 8  

4767 
5 4 8 9  
6 7 ? 4  
6 9 7 9  
7 7 5 8  

1 8 5 5 8  
1 9 3 8 0  
21795 
2 1 1 4 4  
2 7 1 2 4  

2 3 1 9 0  
2 4 3 4 2  
7 5 5 6 7  
2 6 8 3 4  
2 8 1 0 4  

1 4 7 0 2  2 0 . 4 7 0 1  
1 5 5 3 7  20.8717 
1 6 3 2 1  21 .2882 
1 7 1 4 2  21 .7451 
1 7 9 9 2  22 .2711 

1 8 8 6 9  22.8971 
1 9 7 9 7  23 .6530 
2 0 7 9 2  2 4 . 5 6 4 4  
2 1 8 9 9  25 .6467 
2 3 1 2 6  26 .8979 

2 4 6 6 5  28.2P85 
2 5 8 7 5  79 .7555 
2 7 2 9 7  31 .2085 
2 8 6 4 1  32 .5521 
2 9 8 5 7  1 3 3 - 7 1 6 2  
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( a )  Temperature range, 400° t o  2800' K. 

Figure 2. - Speci f ic  heat at  constant pressure f o r  gaseous normal hydrogen 
as s w i n g  equilibrium compos it ion. 

3 



47 

N 

. 

., 
a, 
k 
3 
ffl 
rn 
a, 
k 
h2 .  

P 
d 
Kl 
0 
ic 
d 
0 
u 
P 
Kl 

8C 

7c 

60 

KA 
V" 

40 

30 

20 

10 

0 
21 

Temperature, T, ?K 

( b )  Temperature range, 2600° t o  5000° K. 

Figure 2 .  - Concluded. Spec i f i c  heat a t  cons tan t  pressure  for gaseous 
normal hydrogen assuming equi l ibr ium composition. 
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Temperature, T, OK 

(a) Orthohydrogen. 

Figure 3. - Ratio of specific heats of gaseous hydrogen for temperatures 
from Oo to 600' K. 
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Temperature, T, OK 

(b) Parahydrogen. 

Figure 3. - Continued. Ratio of specific heats of gaseous hydrogen for 
temperatures from 0' to 600° K. 
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Temperature, T, OK 

(c ) Normal hydrogen. 

Figure 3. - Concluded. Ratio of specific heats of gaseous hydrogen for 
temperatures from 0’ to 600° K. 
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( a )  Temperature range, 400' t o  2800° K. 

Figure 4 .  - I s e n t r o p i c  exponents  f o r  gaseous  normal hydrogen a s s w i n g  
eqci l lbr iurn composi t ion .  
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Temperature, T, OK 

(a) Temperature range, 00 to 6 0 ~ 0  K. 

Figure 5. - Enthalpy of gaseous normal hydrogen assuming equilibrium 
composition. 
(ref. 4). 

Base enthalpy at 0' K = 33,440.9 calories per gram 
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(b) Temperature range, 400° to 2800° K. 

Figure 5. - Continued. 
equilibrium composition. 
per gram (ref. 4). 

Enthalpy of gaseous normal hydrogen assuming 
Base enthalpy at 0' K = 33,440.9 calories 
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( c )  Temperature range, 2600° t o  5000' K. 

Figure 5. - Concluded. Enthalpy of gaseous normal hydrogen assuming 
equi l ibr ium composition. 
per  gram ( re f .  4). 

Base enthalpy a t  Oo K = 33,440.9 c a l o r i e s  
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(a) Temperature range, 400' to 2800° K. 

Figure 6. - Entropy of gaseous normal hydrogen assuming equilibrium 
composition. 
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( b )  Temperature range, 2600° t o  5000O K .  

F igure  6. - Concluded. 
rium composition. 

Entropy o f  gaseous normal hydrogen assuming e q u i l i b -  
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Figure 7. - Absolute viscosity of gaseous normal hydrogen, orthohydrogen, 
and parahydrogen for temperatures from Oo to 600° K. 
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(a) Temperature range, 400' to 2800° K. 

Figure 8. - Absolute viscosity of gaseous normal hydrogen assuming 
equilibrium composition. 
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(b)  Temperature range, 2600° t o  5000' K. 

Figure 8. - Concluded. Absolute v i s c o s i t y  of gaseous normal hydrogen 
assuming equi l ibr ium composition. 
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(a) Orthohydrogen. 

Figure 9. - Thermal conductivity of gaseous hydrogen for temperatures 
from Oo to 600° K. 

. 



62 

CJ 
-3 
d 

CJ 

.8 

.6 

.4 

.2 

co 
CO 

0 100 200 300 4 30 500 600 
Temperature, T, OK 

(b ) Parahydrogen. 

Figure 9. - Continued. Thermal conductivity of gaseous hydrogen for 
temperatures from Oo to 600' K. 
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(c) Normal hydrogen. 

Thermal conductivity of gaseous hydrogen for Figure 9. - Concluded. 
temperatures from 0' to 600° F. 
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(a) Temperature range, 400° to 2800' K. 

Figure 10. - Thermal conductivity of gaseous normal hydrogen assuming 
equilibrium composition. 
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Figure 10. - Concluded. Thermal conductivity of gaseous normal hydrogen 
assuming equi l ibr ium composition. 
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(a) Temperature range, 400' t o  2800° K. 

Figure 11. - Molecular weight of gaseous normal hydrogen assuming equi- 
librium composition. 
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(b) Temperature range, 2600’ to 5000’ K. 

Figure 11. - Concluded. Molecular weight of gaseous normal hydrogen 
assuming equilibrium composition. 
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(a) Chamber temperature range, 4000 to 28000 K. 

Figure 12. - Specific impulse in vacuum for gaseous normal hydrogen 
assuming equilibrium composition during an isentropic expansion 
to a pressure ratio of 1000. 
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Chamber temperature,  T, , OK 
(b)  Chamber temperature range, 26OOo t o  5O0Oo K .  

F igure  1 2 .  - Concluded. S p e c i f i c  impulse i n  vacuum for gaseous normal 
hydrogen assuming equi l ibr ium composition dur ing  an i s e n t r o p i c  expan- 
s i o n  t o  a pressure  r a t i o  of 1000. 
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Chamber temperature, Tc, "K 

(a) Chamber temperature range, 4000 to 2800" K. 

Figure 13. - Theoretical ratio of nozzle area to throat area for gaseous 
normal hydrogen assuming equilibrium composi.t;on during an isentropic 
expansion to a pressure ratio of 1000. 
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(b) Chamber temperature range, 2600° t o  5000° K. 

F igure  13. - Concluded. Theoret ical  r a t i o  of  nozzle a r e a  t o  t h r o a t  a r ea  
for gaseous normal hydrogen assuming equi l ibr ium composition during 
an i s en t rop ic  expansion t o  a pressure r a t i o  of 1000. 
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